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The immune system consists of two main components. The first is the innate immune 
system, which acts as the first line of defense in a rapid and unspecific manner. The 
second is the adaptive immune system, which is based on receptor rearrangement 
after the first encounter with a pathogen. It is responsible for a strong, sophisticated, 
highly-specific and long-lasting response. These responses encompass pathogen 
specific antibodies (Abs) and cytotoxic T cells. This complex system of adaptive 
immunity is orchestrated by specialized CD4+ T cells, the so-called T helper (Th) 
cells. These cells were classically divided into two major subsets by their functions. 
The Th1 cells that are mainly responsible for defense against intracellular pathogens, 
and the Th2 cells that are needed to initiate efficient production of Abs against 
extracellular pathogens and helminths. Only a few years ago a third subset named 
Th17 was discovered, which is characterized by the production of the cytokine 
interleukin-17 (IL-17). This subset is known to be important for optimal clearance of 
certain pathogens, but can also contribute to autoimmune and inflammatory 
diseases. However, up to now there is fragmentary knowledge about Th17 cells, 
especially regarding their induction following infection and vaccination. Depending on 
the specific pathogen, the appropriate Th phenotype should be stimulated in order to 
trigger optimal protective immunity against infection. Therefore, it is essential to 
elucidate under which circumstances a particular Th cell type is induced (e.g. after 
vaccination). Previous studies suggest that antigen (Ag) dose plays an important role 
in Th1/Th2 polarization. 
 
In this work, in vitro and in vivo studies using wild type and transgenic mouse models 
were performed to get insights into the mechanisms of Th cell induction, particularly 
in relation to the Ag dose. In vitro proliferation assays comparing antigen dose 
dependent Th polarization in cells from DO11.10 and OTII T cell receptor (TCR) 
transgenic mice (all TCRs in these animals are specific for ovalbumin [OVA]) 
revealed striking differences in Th17 induction between the two mouse strains. In 
contrast, no differences were detected with respect to Th1 and Th2 polarization. 
DO11.10 cells show an induction of Th17 cells at low and high Ag doses, whereas 
OTII cells polarize to Th17 cells exclusively in the presence of high Ag doses. 




Ag as one reason for the observed phenomenon. In vivo immunizations of wild type 
mice with the model Ag OVA led to Th17 induction at low Ag doses. Recent studies 
provided evidence that Th17 cells are important in fighting influenza infections. 
Inspired from these results, immunizations with H5N1 virosomes followed by an 
H5N1 viral challenge were performed to investigate whether low doses of H5N1 
virosomes lead to increased Th17 immune responses and improved protection as 
compared to standard Ag dose immunizations. To extensively monitor Th responses 
in vaccinated animals a sophisticated 9 color staining panel for flow cytometry 
analysis was established, which also allowed assessment of the induction of 
polyfunctional T cells. The results revealed protection of mice immunized with low 
virosome dosage after challenge with the influenza virus. However, the number of 
Th17 cells was not increased in these animals, compared to those receiving higher 
doses. 
Since Th17 immune responses are not always beneficial for the host, as a secondary 
aim of this work activities were focused on the establishment of strategies to block 
Th17 induction at will. To this end, the specific blocking of Th17 induction by a 
pegylated derivate of α-galactosylceramide (αGCPEG) was investigated and 
dissected. In vitro and in vivo experiments demonstrated that natural killer T (NKT) 
cells released high amounts of interleukin (IL)-4 and interferon (IFN)γ post αGCPEG 
stimulation and subsequently blocked the induction of Th 17 cells. 
 
Taken together the results of this thesis contribute to a better understanding of Th 
biology, especially with respect to Th17 induction and blockage. Knowledge about Th 
polarization is a key for the development of tailored immune responses following 
vaccinations. It is expected that the tools and strategies established during this work 
will facilitate the development of vaccines able to stimulate tailored Th17 responses 






2.1 The immune system 
Every higher organism faces daily potential harmful pathogens. During evolution a 
number of defense mechanisms evolved, which are able to protect the host from 
these pathogens. In vertebrates the first line of defense are physical barriers, like the 
skin or mucosa with its antibacterial peptides, fatty acids, enzymes and low pH value 
which hinder microbial pathogens to enter the body. In addition, the immune system 
(a network of specialized cells, molecules, tissues and organs) controls the 
pathogens that have penetrated body barriers. The immune system can be 
subdivided into the innate and the adaptive immune systems, which have different 
cellular components and functions (Fig. 1) [1, 2]. 
 
 
Fig. 1: Cellular components of the immune system. Immune cells are classified as innate or adaptive 
immune cells based on their function. γδ T cells and natural killer T (NKT) cells are part of both arms of the 
immune system since they show characteristics of innate immune cells but express T cell receptors which are 





2.1.1 The innate immune system 
The task of the innate immune system is the defense against invading pathogens 
without prior antigen stimulation. This part of the immune system plays an 
fundamental role in early stages of immune reactions and it is the first line of defense 
against infection. In fact, without the innate immune system the host would die a few 
hours after infection. Once a pathogen has crossed the physical barriers, different 
effector mechanisms are activated. The innate response includes soluble proteins 
and bioactive small molecules that either directly act on the pathogens (e.g. 
complement proteins, defensins and ficolins) or are released from cells upon 
activation (e.g. cytokines and chemokines), to subsequently recruit and activate 
additional immune cells [1, 4]. Constituent parts of the innate immune system are 
hematopoietic cells like macrophages, dendritic cells (DCs), mast cells, neutrophils, 
eosinophils, natural killer (NK) cells, and natural killer T (NKT) cells [2]. These cells 
express the so-called pattern recognition receptors (PRR), which are able to 
recognize highly conserved components of pathogens, the pathogen-associated 
molecular patterns (PAMPs) [5, 6]. PRR are a large group of receptor molecules, 
including toll like receptors (TLRs), complement receptors, C-type lectins, and 
nucleotide-binding oligomerisation domain (NOD) receptors [7-9] and detect a wide 
range of non-mammalian structural motifs found in and on microbial pathogens (e.g. 
lipopolysaccharides [LPS], dsRNA and certain DNA motifs). The innate immune 
system can distinguish with these receptors between self and non-self and/or 
dangerous molecules. Upon sensing potential harmful motifs signaling cascades are 
started, which result in the activation of an appropriate immune response [1]. 
 
Most cells of the innate immune system have the ability to take up pathogenic 
microbes by phagocytosis or micropinocytosis. Inside the cell the phagosomes are 
fused with lysosomes to kill the engulfed microbes. Macrophages and especially DCs 
are able to process the uptaken antigens (Ags) and load the resulting peptides on 
either major histocompatibility complex class II (MHC class II) or, in case of cross-
presentation MHC class I molecules. These MHC molecules are transported then to 
the cell surface and present the loaded peptides to other immune cells. Due to this 
function these cells are called antigen-presenting cells (APCs) [10]. 
DCs are derived from bone marrow progenitor cells and represent a heterogenic 




phenotypes and functions [11]. Immature DCs start a maturation and activation 
process after being stimulated by either PRRs binding to PAMPs or Ag uptake. 
During this process the expression of Ag presenting molecules (MHC class I and 
class II), co-stimulatory molecules (e.g. CD40, CD80, CD86, OX40L) and adhesion 
molecules (e.g. CD11a, CD11b, CD54, CD58) is up-regulated [12, 13]. Mature 
activated DCs induce both innate and adaptive immune responses by the production 
of cytokines (e.g. IL-12, IL-15, IL-18, type I interferons [IFNs], tumor necrosis factor 
alpha [TNFα]), and the activation and expansion of lymphocytes [14-16]. The ability 
of DCs to activate a large variety of different immune cells is the key for their in 
linking the innate and the adaptive immune system. 
 
2.1.2 The adaptive immune system 
The innate immune system reacts fast and quite unspecific to everything that fulfills 
at least one of the requirements “foreign” and/or “dangerous” (see 2.1.1). This 
response is not only unspecific, but also short lasting in nature. In contrast, the 
adaptive immune system requires some time to answer to a potential pathogen in a 
highly specific manner, including the establishment of immunological memory. 
The adaptive immune system can be subdivided into two parts, the humoral and the 
cellular arm, which collaborate to protect the host against threats from inside and 
outside the body. 
 
The humoral immunity is the defense mechanism of choice against extracellular 
pathogens and toxins, but is also needed for clearance of certain intracellular 
pathogens and viruses. Humoral immunity is mediated by immunoglobulins (Ig), also 
called antibodies (Abs). They are secreted by B cell derived plasma cells upon 
stimulation/activation. Abs from plasma cells confer protection by (i) neutralization, (ii) 
opsonization and (iii) complement activation. Neutralizing Abs bind to bacteria and 
viruses in the extracellular space and prevent their attachment to the cell surface. 
Bacterial toxins are also fought by neutralizing Abs, which block their biological 
activity and hinder them to enter host cells [1, 17]. To enhance the killing of 
pathogens, their surface is coated with Abs to mark them as a foreign target. This 
process is called opsonisation. The constant region of an Ab binds to the Fc receptor 




cells to so-called antibody-dependent cell-mediated cytotoxicity. The underlying 
mechanism is comparable to the action of cytotoxic T lymphocytes (CTLs), involving 
the release of cytoplasmic granules containing perforin and granzymes [1, 18]. The 
third mechanism of action of Abs is the activation of the complement system after 
binding to a pathogen. Complement proteins can enhance the opsonization process, 
recruit phagocytic cells to the site of infection or even directly lyse the pathogen [1, 
7]. 
 
Naïve B cells circulate through blood, lymph nodes (LNs) and spleen and express 
IgM and IgD on their cell-surface, which in turn act as their Ag receptors. When 
encountering multivalent Ags, the initiation of B cell activation takes place by 
clustering the Ag receptors. The next step is an increased expression of specific 
markers (e.g. MHC class II, CD80/CD86), which are needed for the subsequent 
interaction with T helper (Th) cells to deliver the secondary signal for activation. Th 
cell secreted cytokines are able to stimulate the proliferation of B cells, their 
differentiation into plasma cells and subsequently the formation of memory cells [1, 
19]. After first contact with a pathogen, plasma cells produce IgM isotype Abs, which 
have normally quite low affinity to the Ag. However, due to the formation of 
pentamers, IgMs can compensate their low affinity with a high avidity and the ability 
to trigger efficiently the complement system. B cells can undergo somatic 
hypermutation, gene conversion and class switch, which subsequently leads to the 
production of highly specific Abs of the IgG and IgA subclasses [1, 20]. 
 
The second part of the adaptive immune system is the T cell mediated immunity. This 
system consist mainly of immune cells characterized by their α/β T cell receptor 
(TCR) expression, which recognize peptide Ags bound to MHC class I or II 
molecules. These α/β-T cells differentiate into different subsets: (i) CD8+ T cells 
which act primarily via direct killing of cells infected with intracellular microbes, and 
(ii) CD4+ T cells which orchestrate and regulate the cellular and humoral immune 
responses. Another small subset of α/β-T cells is characterized by by CD4- CD8- 
NK1.1+ phenotype. The so-called NKT cells recognize glycolipid antigens presented 
by the CD1d molecule and show immune-regulatory properties by the secretion of 
cytokines, such as IFNγ, IL-4, granulocyte-macrophage colony stimulating factor 




combination of variable α and β chains. Moreover, each chain can even undergo 
gene rearrangement which leads to the generation of a huge diversity of different 
TCRs with specific affinity to almost all possible Ag structures. However, all T cell 
receptors on one T cell are identical [1, 2]. 
 
Naïve T cells need three signals to become activated. First the binding of the TCR 
and the CD4/8 molecule to the specific Ag presented either on MHC class II for CD4+ 
or on MHC class I for CD8+ cells. TCRs are also associated with the CD3 complex 
which transduces the activation signal when the TCR binds to antigen-MHC 
complexes. Second, T cells require for full activation the binding of co-stimulatory 
molecules, such as CD28, and as third signal the binding of cytokines released by 
APC. The combination of all three signals results in the activation of genes that 
control lymphocyte proliferation and differentiation. All signals for activation of CD4+ T 
cells can be delivered by APCs like DCs, whereas for the activation of CD8+ T cells 
an additional support of Th1 cells in most cases is needed. When DCs contact T 
cells, the so-called immunological synapse (IS) is formed. This is a specialized 
interface for information exchange where interacting molecules cluster. The DC/ T 
cell contact normally takes place in highly organized lymphatic tissues like the lymph 
nodes (LN), where the chances of encounter between T cells with corresponding 
TCR to Ag presented by DCs is dramatically increased [1, 2, 21, 22]. Activated 
antigen-specific CD8+ T cells differentiate into CTLs, able to kill infected host cells or 
cancer cells in a direct contact dependent manner. Thereby, target cells are 
specifically recognized by CTLs due to the display of Ags on a MHC class I molecule. 
Upon binding to a target cell, CTLs mobilize cytolytic granules containing mainly 
perforin and granzymes. The content of the cytolytic granules is secreted and 
granzymes enter the target cells via perforin-formed pores. Inside the target cell 
granzymes trigger signal cascades which induce apoptosis in the target cell. In 
addition, activated CD8+ T cells secrete a variety of cytokines (e.g. IFNγ and TNFα) 
which influence and support the function of other involved immune cells [1, 2, 23, 24]. 
 
The largest T cell population is characterized by the CD4+ phenotype. These cells 
direct and regulate the immune responses after binding to Ag peptides presented on 
MHC class II molecules on APCs. In Fig. 2 the four main subsets are presented, 




APC. The circumstances and mechanisms leading to an antigen specific response 
are still not completely known and considerable scientific effort is invested into this 
field. This work focuses on the development of Th subsets, especially the Th17 
subset, mainly with respect to the influence of the Ag priming dose. Th1 and Th2 
cells are discussed in section 2.1.3, whereas section 2.1.4 focusses on Th17 cells. 
 
 
Fig. 2: Differentiation of naïve CD4
+
 T cells to effector subsets. The possible differentiation routes of 
a naïve CD4
+
 T cell after stimulation by Ag loaded DC is shown. Effector subsets are displayed with their lineage 
specific transcription factor and secreted cytokines. The main cytokines from each subset are marked with a red 
box (modified from [25].  
 
The regulatory T (Treg) cell subset is characterized by the expression of the 
transcription factor forkhead box P3 (FOXP3), high expression of CD25 in most 
cases and the production of IL-10 and TGFβ [26-29]. Their main function is the 
regulation or modulation of an induced immune response. This results in tolerance 




inflammations or autoimmune diseases, as observed in individuals with mutations in 
the FOXP3 gene [28, 30-33]. Furthermore, the establishment of a healthy immune 
homeostasis in newborns as well as the return to this homeostasis state after 
clearance of a pathogen is facilitated by Tregs (reviewed in [34]). The interaction of 
Tregs with Th cells and their regulatory function is discussed in the sections 2.1.3 
and 2.1.4. 
 
The differentiation of a naïve CD4+ T cell to a Treg can take place in either (i) the 
thymus in the presence of self Ag, leading to thymic (t)Tregs or (ii) the periphery in 
contact with non-self Ags like allergens, food or the commensal microbiota, leading to 
induced (i)Tregs. The induction of tTregs depends mainly on the strength of TCR 
signaling and the presence of TGFβ and especially IL-2 in the microenvironment (Fig. 
3). Naïve T cells with TCRs which show a high affinity to Ags presented on DCs in 
combination with low co-stimulation at the same time (e.g. potential allergens or Ags 
from commensal microbes) develop to iTregs (reviewed in [35]). 
 
 
Fig. 3: Treg differentiation in the thymus as a result of TCR signal strength and the availability 
of IL-2. High TCR affinity to self Ag leads either to depletion of the T cell or differentiation to a Treg. Medium 
TCR affinity can lead to depletion, often Treg differentiation or a conventional T cell. Low TCR signaling strength 
elicited by self Ag leads in most cases to conventional T cells and rarely to Tregs. The fate of the T cell is in all 





2.1.3 T helper 1 and T helper 2 cells 
T helper cells were first described in 1986 and divided into Th1 and Th2 cell based 
on their ability to produce either IFNγ or IL-4 [36]. These two cell subsets can be 
further characterized by lineage specific transcription factors and signal transducers. 
Th1 cells express T-bet and are dependent on STAT1 and 4 signaling, which are the 
major transducers in IFNγ and IL-12 signaling [37-42]. Th2 cells express the GATA3 
transcription factor and need the support of STAT5 and 6 signaling (IL-2 and IL-4 
pathways) for differentiation and effector function [43-47]. 
 
As mentioned before, the immune response against intracellular pathogens is mainly 
controlled and mediated by Th1 cells and their ability to produce IFNγ, IL-2 and 
TNFα. IFNγ stimulates macrophages to ingest and kill microbes and further promotes 
production of IgG2a and IgG3 subclasses by B cells in mice. In combination with IL-
2, IFNγ activates CTLs and plays a critical role in T cell memory formation, whereas 
TNFα is a primary inducer of inflammation [48-51]. In contrast, Th2 cells produce IL-
4, IL-5, IL-10 and IL-13 and coordinate the humoral immune response, especially 
against extracellular pathogens including helminthes. IL-4 mediates the IgE class 
switch in B cells and is involved in a positive feedback loop in Th2 differentiation, 
whereas recruitment and activation of eosinophils is controlled by IL-5. The 
production of IL-10 has anti-inflammatory effects, blocks Th1 differentiation and 
activates B cells. IL-13 plays an important role in host protection against helminthes 
and B cell activation. Direct cell-cell contact of Th2 and B cells, together with the 
secretion of IL-4, IL-10 and IL-13 lead to the activation, proliferation and 
differentiation of B cells, which in turn results in the production of highly specific 
neutralizing Abs [1, 49, 52-57]. It is known that some cells express Th1 and Th2 
cytokines at the same time in various combinations [58]. However, the numbers of 
these few “mixed” Th cells are negligible, as compared to the vast majority of clearly 
discriminable Th cells. 
Another point to mention is the fact that abnormal or uncontrolled Th responses can 
lead to severe health problems like chronic inflammation due to delayed type 
hypersensitivity caused by Th1 or asthma in the case of Th2 [59, 60]. Thus, the 
“right” type of Th response is crucial for the host when challenged with a pathogen, 
as shown by infections with persisting intracellular parasites of the genus 




ranging from small and local cutaneous inflammation, through widespread skin 
lesions which resemble leprosy, up to systemic infections associated with failure of 
inner organs and death [61]. Upon infection with Leishmania major most inbred 
mouse strains like C57BL/6 show a Th1 dominated immune response and are 
resistant or recover very fast from the parasite. In contrast, BALB/c mice fail to 
establish a protective Th1 immune response. The induced Th2 driven humoral 
immune response is not protective and leads finally to death of mice [62]. This 
remarkable example of mounting different Th responses upon infection with the same 
pathogen illustrates an important challenge in vaccine design. It is not enough to use 
just the “right” formulation of Ag epitopes, but also to promote the right type of 
response. Often Ags need to be co-administered with immune modulators or 
adjuvants to promote an immune response of the appropriate strength and type in 
order to confer protection. This leads directly to the question of how Th differentiation 
is induced and controlled. 
 
As described in section 2.1.2, the combination of three signals provided by APCs is 
required to start activation and differentiation of naïve CD4+ T cells. The key 
information to understand this process is that all three signals are not just simple 
events, but rather complex integrated processes in terms of signal strength, duration, 
composition and interaction [63-65]. The consequence of this is that differentiation of 
Th cells is mainly controlled by innate immune cells, especially DCs, since T cells 
only differ in their TCR and their affinity to presented Ags. DCs express many 
different PRRs which trigger different signaling pathways when binding to PAMPs. 
Thus, they react with different patterns of co-stimulatory molecule expression and 
cytokine release in response to different pathogen classes [1, 52, 65, 66]. The 
influence of cytokines on polarization of Th differentiation is almost elucidated. Th1 
cell induction is dependent on the presence of IFNγ and IL-12, and for clonal 
expansion on IL-2. Once induced, Th1 cells produce IFNγ and IL-2 by themselves 
which act in an autocrine fashion. In contrast, polarization to Th2 cells mainly 
requires IL-4 and to a lesser extent IL-2, showing the cells an autocrine IL-4 feedback 
loop [67-69]. The cytokines secreted by one Th type suppress directly the 
differentiation of naïve T cells to the other Th phenotypes (e.g. IFNγ blocks Th2 
differentiation, whereas IL-4 and IL-10 block the induction of Th1 cells) [52, 70]. The 




is known that also Tregs are able to influence the induction of Th cells via cytokines. 
This can be performed by different mechanisms: (i) indirectly, by interacting with DCs 
to inhibit their production of Th polarizing cytokines [71-73], (ii) by expression of high 
levels of CD25 (a subunit of IL-2 receptor) to deplete the available IL-2 in the 
microenvironment [74], and (iii) by release of cytokines (e.g. TGFβ and IL-10), which 
directly block Th differentiation [75, 76].  
 
Beside cytokines, co-stimulatory molecules are responsible for shaping the Th 
immune response. The major co-stimulatory molecule on T cells for activation, CD28 
with its binding partners CD80 and CD86 expressed on APC, was shown to influence 
Th polarization. Not only the signal strength and duration are important (stromg and 
long-lasting co-stimulation favors Th2 polarization [77]), but also the ratio between 
CD80 and CD86 on the APC is important (CD80 directs towards Th1 while CD86 
toward Th2 [78]). 
Already the strength of the primary signal for T cell activation, binding of TCR to 
Ag/MHC class II complex itself, directs the fate of a naïve T cell. When talking about 
signal strength against the background of TCR two points have to be considered: (i) 
affinity of the TCR to the complex of Ag peptide presented on MHC class II molecule, 
and (ii) the Ag dose. Naïve CD4+ T cells expressing a transgenic TCR show a Th1 
dominated polarization upon stimulation with the corresponding peptide, whereas 
stimulation with a low-affinity altered peptide ligand (APL) results in a Th2 
differentiation [79, 80]. Corresponding results were obtained when changing single 
residues of the TCR responsible for peptide binding [81]. As expected, also the Ag 
dose influences the signal strength and, subsequently, also Th development. In 
1995, two independent in vitro studies with TCR transgenic T cells showed induction 
of Th2 or Th1 cells when low or high doses of Ag were used, respectively (Fig. 4 and 
Fig. 5). Hosken et al. showed in their study with cells from DO11.10 TCR transgenic 
mice and OVA-peptide AA323-339 an additional raise of Th2 cells when adding very 
high Ag doses to the culture (Fig. 5) [82, 83]. An explanation for these findings is the 
increased Erk activation after strong TCR stimulation. This leads in turn to inhibition 
of GATA3, consequently weaker Th2 induction, and higher frequencies of Th1 cells 
[77]. In contrast, the occurrence of Th2 cells at very high Ag doses can be explained 
by STAT6 independent Th2 differentiation which is driven by high levels of IL-2 and 




peptides demonstrated a Th1 polarization with high and Th2 polarization with low Ag 
doses [79, 85]. 
It has to be kept in mind, that the Ag dose will not only affect the amount of presented 
Ag by DCs but also influence the level of activation and co-stimulatory molecules 
expressed by DCs. This is even more influenced when the titrated “Ag” is a living 
pathogen or whole cell extracts, since the amount of delivered PAMPs will also 
influence the outcome of the immune response [86]. 
 
 
Fig. 4: Cytokine secretion by TCR transgenic CD4
+
 T cells primed with different Ag doses. 
Naïve TCR transgenic CD4
+
 T cells were primed with different doses of the corresponding Ag peptide in the 
presence of DCs and restimulated after 5 days. ELISA was performed to measure cytokines in the culture 
supernatant. (A) Amount of secreted IFNγ. (B) Amount of secreted IL-4. (modified from [82]) 
 
 
Fig. 5: Cytokines released by TCR transgenic DO11.10 T cells after priming with different 
dosages of OVA-peptide AA323-339. Levels of IL-4 and IFNγ in cell culture supernatants after re-





2.1.4 T helper 17 cells 
In 2005, the discovery of a 3rd Th subset changed the dogma of regulation of 
immune responses by Th cells [70]. The new lineage was named Th17 and is 
characterized by the ability to secrete mainly IL-17A, IL-17F and IL-22 [70, 87]. 
Thereby, IL-17A and IL-17F are able to form homo- and hetero-dimers (IL-17A/A, IL-
17-F/F and IL-17A/F). This study was focused on the action IL-17A/A and IL-17A/F 
since these members of the IL-17 family cover by far most effector functions and 
show similar biological properties as IL-17F/F [87, 88]. Thus, “IL-17” will stand for IL-
17A in the following, since IL-17A/A and IL-17A/F are recognized by the same Ab 
against IL17-A. 
 
As the other Th subsets, also Th17 cells show the expression of a lineage 
characteristic transcription factor, namely RORγt [89] and are dependent on the 
STAT3 signaling pathway. STAT3 is the major signal transducer for IL-6, IL-21 and 
IL-23, as well as responsible for the induction of IL-23R and subsequent production 
of IL-17 [90-92]. The cytokines secreted by Th17 cells fulfill different functions in the 
host. IL-17 induces many pro-inflammatory molecules, such as IL-6 and IL-8, and 
has an important role in the induction of inflammatory immune responses [93]. 
Recruitment of neutrophils as well as the induction of anti-microbial peptides (e.g. β-
defensins and lipocalin2) is also facilitated by IL-17. Receptors for IL-17 are 
expressed ubiquitously, with particularly high levels in hematopoietic tissues and in 
cells of the liver, kidney, prostate and joints [93-95]. IL-22 has bipolar functions; it 
induces tissue inflammatory reactions, as well as enhanced expression of tissue 
protective genes and anti-microbial peptides [96]. Experimental data suggest that 
inflammatory functions are induced in combination with IL-23 [97], whereas protective 
effects are observed mainly in acute liver and intestine inflammation [98, 99]. 
 
Different studies showed that Th17 cells are involved in the induction and 
progression of many diseases linked to autoimmunity or deregulated immunity (e.g. 
rheumatoid arthritis [RA], multiple sclerosis [MS], inflammatory bowel disease [IBD], 
asthma and psoriasis) [100]. For example, in RA, IL-17 stimulates by itself and in 
conjunction with TNFα and IL-1β various cell types to induce inflammation by 
enhanced production of cytokines, chemokines and destructive mediators, as well as 




inflammatory responses [101-103]. The observed chronic inflammation of joints and 
bone destruction in RA induced by Th17 cells [101] is in accordance with the 
increased expression of IL-17R in joints. For MS and the murine homolog 
experimental autoimmune encephalomyelitis (EAE), it was shown that especially high 
levels of IL-17A are involved in neuro-inflammation and high clinical scores for 
disease progression, whereas neutralization leads to delayed disease progression or 
even partial recovery [104-108]. Although the exact role of Th17 cells in MS/EAE is 
not yet fully understood, one possible mechanism is the disruption of blood-brain-
barrier and subsequently inflammation of the central nervous system as shown by 
Kebir et al. [109]. In IBD the situation is not as clear as in the examples before. 
Patients with ulcerative colitis or Crohn’s disease (two forms of IBD) show high levels 
of IL17A in the mucosa and serum, corresponding to inflammatory progression [110, 
111]. In contrast, in mouse models for IBD the results are contradictory, some studies 
showed a positive effect of IL-17 neutralization [108, 112], whereas others showed a 
more severe progression of disease after neutralization of IL-17 or when ll-17a 
knockout mice were used [108, 113]. An explanation for this might be differences in 
the mouse gut microflora between different labs, which are in turn able to influence 
the IL-17 pathway during the IBD process [114]. 
 
In contrast, Th17 immune responses can also be beneficial or even needed. 
Protection against many pathogens (e.g. Candida albicans, Borrelia ssp., 
Helicobacter pylori, Klebsiella pneumoniae, Citrobacter rodentium, Salmonella spp., 
Mycobacteria, Bordetella ssp., Influenza [115]) is facilitated or rely on a Th17 directed 
immune response. Huang et al. showed in IL-17RA deficient mice an increased 
susceptibility to systemic C. albicans infection [116]. Patients with hyper IgE 
syndrome or chronic muco-cutaneous candidiasis have impaired Candida specific 
Th17 responses and showed dramatically increased susceptibility for mucosal C. 
albicans infections [117, 118]. In Borrelia infection, Th17 cells are induced and their 
signature cytokines levels are increased. Th17 cells seem to have a beneficial effect 
in early protection, whereas IL-17 was shown to lead to more severe destructive 
arthritis if a chronic Borrelia infection was established [119-121]. A clearly protective 
effect of Th17 cells in mouse model was observed in K. pneumoniae infections, 
where both cytokines, IL-17 and IL-22, were shown to be essential for survival upon 




cells upon challenge with an otherwise lethal dose of influenza virus. In addition, the 
inhibitory influence of IL-10 expression on Th17 development during influenza 
infection results in a negative effect on survival [125]. Thus, IL-10 as a cytokine 
produced by Th2 and Tregs is not only able to inhibit the induction of Th1, but also of 
Th17 cells. 
 
It is known, that the induction of Th17 cells is influenced by different factors, as it is 
the case for Th1/2 cells (see section 2.1.3). Also for Th17 development, the cytokine 
milieu has a huge impact. The presence of IL-6 contributes to polarization to Th17 
cells and since the IL-6R is expressed at high levels especially in naïve T cells, IL-6 
seems to have a key role in Th17 development [65, 126, 127]. In addition the TGFβR 
is highly expressed in naïve cells and the presence of TGFβ in low levels was shown 
to polarize naïve cells towards Th17, whereas high levels of TGFβ direct to the Treg 
lineage [35, 128]. As the other Th subsets, also Th17 cells seem to be regulated by 
an autocrine feedback loop, which is driven by IL-21 in Th17 cells. This cytokine is 
not only produced by Th17 cells, but also by many other cell types and is able to 
promote Th17 development in an autologous way while it blocks the production of 
IFNγ and hence Th1 polarization [65, 126, 129, 130]. The cytokine IL-23 is not 
needed for induction but crucial for survival of Th17 cells [131].The differentiation to 
Th17 cells can be inhibited by all other CD4+ T cell subsets by the production of their 
main cytokines (IL-2, IL-4, IL-10 and IFNγ), which trigger the signaling pathways that 
would normally induce Th1/2 or Tregs and subsequently block Th17 differentiation 
[91, 125, 132-134]. These findings support the fact that uncontrolled Th17 immune 
responses can lead to severe autoimmunity and chronic inflammation. 
 
Not only cytokines but also other soluble molecules influence Th development. The 
all-trans retinoic acid (ATRA) reduces the expression of IL-6R and IL-23R and is able 
to induce Tregs development [135-138]. Both effects constrain Th17 cells, but since 
the receptor for ATRA is not expressed on naïve T cells ATRA does not seem to play 
a critical role in the initialization of polarization of Th cells, but rather in ongoing Th 
differentiation [138, 139]. The varying levels of aryl hydrocarbon receptor (AhR) 
agonists in cell culture medium from different suppliers have strong influence on 
Th17 polarization, since high levels of Ahr agonists are needed for optimal induction 




industrial contaminants and may play a role in the raise of autoimmune diseases, 
which correlates with the industrial use of hydrocarbons [65, 140]. 
 
Beside the cytokines and other soluble factors present in the microenvironment, the 
binding of co-stimulatory molecules at the time point of T cell activation is important 
for the fate of naïve T cells. CD28, the main transducer for secondary signaling in T 
cell activation, is initially needed for Th17 polarization, whereas prolonged CD28 
signaling results in inhibitory effects [107, 141]. The binding of the inducible co-
stimulatory molecule (ICOS) was shown to induce strong Th17 activation. 
Interestingly, ICOSL is expressed in high levels on cells of mucosal tissues and it is 
known that mucosal application of antigen leads to Th17 induction [142]. It is 
discussed that ICOS-ICOSL interaction is involved in this differentiation process [107, 
142-144]. Furthermore, the binding of CD40-CD40L leads to a crosstalk between T 
cell and DC, and subsequently stimulation of IL-6 production by DCs, an important 
factor for Th17 induction, as mentioned before [145]. In contrast, earlier studies 
showed the importance of CD40 co-stimulation in Th1 differentiation [146, 147]. An 
explanation for these contradictory observations might be the fact that the level of 
CD40L expression is regulated by the Ag dose in vitro [148]. 
 
This fact leads to the role of TCR signaling strength in Th17 induction. While the 
influence of TCR affinity to Ags presented on MHC class II is rather understood for 
Th1 and 2 cells (see section 2.1.3), no experimental data about Th17 cells is 
available in this context. The second factor influencing the signal strength is the 
antigen dose. In 2009, two studies reported that Th17 cells need relatively strong 
antigenic stimulation for their induction [149, 150]. These findings are in direct 
contrast to the fact that strong Th17 immune responses are elicited by intranasal 
application of Ag [142], which is normally linked to a poor uptake of Ag and leads to a 
reduction of the active Ag dose. Until now, there is no explanation for this dilemma. A 
recent publication demonstrates that low-strength T cell activation of human cells 
induce Th17 differentiation [151]. However, these findings were based only on in vitro 
data where cells were either stimulated with αCD3 Abs or with superantigen. Both 
methods differ from the natural process of TCR binding to peptide Ags presented by 
MHC class II molecules and can lead to abnormal T cell behavior, due to the 




Taken all records together, the current knowledge on Ag dose dependent induction of 
Th17 cells, especially in combination with polarizing cytokines, is very limited and 
needs further investigation. Thus, the aim of this thesis is to answer some of the 
pending questions: 
 Why some studies showed induction of Th17 cells at weak TCR stimulation, 
whereas others showed the need for high Ag doses? 
 In which way polarizing cytokines influence the Th17 differentiation in 
presence of different Ag doses? 
 What is the situation in vivo and how can these new insights be used to derive 
new vaccination strategies? 
 
As mentioned above, B and T cells can form Ag specific memory cells which can be 
reactivated upon reencounter of the same Ag. The immunological memory is an 
essential part for the efficiency of the adaptive immune system since it shortens the 
time to mount a highly specific and powerful adaptive immune response dramatically. 
This fast response allows the elimination of already encountered pathogens before 
they can spread and cause damage to the host. This mechanism is used in the 
process of vaccination and will be explained in the next section. 
 
2.2 Vaccination 
Worldwide about 13 million people die every year by the direct aftermath of infectious 
diseases, being the second leading cause of death [153]. Latest results in science 
show that infections with certain pathogens can also trigger cardiovascular diseases 
and even cancer. Taking these results under account would raise the number of 
victims from infections considerably above the previously mentioned number [154-
158]. 
 
Nowadays vaccination is still the most effective and cost-efficient method to prevent 
infectious diseases and the resulting deaths of millions of individuals [159]. The 
process of vaccination uses the ability of the immune system to form memory cells 
against already encountered pathogens. By administration of pathogen epitopes 
(Ags) in a non-harmful formulation the immune system is taught to build up a 




disease when the real pathogen is encountered. The first scientific approach to use 
this mechanism was undertaken by Edward Jenner in the 18th century. He inoculated 
healthy humans with material from cowpox lesions, a quite harmless skin disease 
caused by Cowpox virus. After recovery these persons were then resistant to the life 
threatening infection with smallpox, caused by Variola virus. Jenner named this 
process “vaccination”, derived from the Latin root “vaccinus”, meaning “from cow” 
[160-163]. Louis Pasteur worked in the 19th century on developing safer strategies for 
vaccination. He introduced the concepts of attenuation, modification through passage 
and renewed virulence. His work helped to replace person-to-person vaccination with 
more or less defined vaccines which were less likely to transmit other diseases [164]. 
 
The early work from Jenner and Pasteur laid the basis for the control of ten major 
diseases (e.g. smallpox, diphtheria, tetanus, pertussis and poliomyelitis) by 
vaccination. The biggest success in this context was the eradication of smallpox in 
1980 and of Rinderpest, a cattle disease, in 2010 [160, 165, 166]. However, after 
decades of research and big advantages in developing improved and safer 
vaccination strategies, many live threatening diseases are still not controlled or are 
even spreading. Although big efforts are undertaken to develop vaccines against 
diseases like AIDS, HCV infection or malaria, researchers have not been really 
successful yet. Another challenging aspect today is the appearance of antibiotic 
resistances, as in the case of Mycobacterium spp. and Staphylococcus spp., and the 
fast spreading of easily transmitted respiratory infections able to lead to pandemic 
outbreaks like SARS (severe acute respiratory syndrome) caused by a corona virus 
or bird/swine flu caused by influenza viruses. These challenges make the research 
for new and/or improved vaccines essential, since from the present view vaccination 
is still the most valuable tool to prevent infectious diseases [159, 167]. 
 
Today there are different types of vaccines available. One group represents whole-
cell preparations, which can be either a live attenuated form of the pathogen or an 
inactivated/dead microbe. Attenuation is achieved by recombinant DNA technologies 
for creating strains which lack specific virulence genes or the more classical method 
of passaging the pathogen multiple times and selecting less virulent mutants. The 
advantage of live attenuated vaccines, like the ones used against measles or mumps 




through replication in the vaccinee. It has been shown that attenuated vaccines are 
save and do not cause a disease in healthy persons. In contrast, inactivated/killed 
vaccines cannot replicate and elicit in general weaker and shorter lived immune 
responses. This leads often to the requirement of boost vaccinations to establish a 
long lasting protective immunity. Inactivated/killed whole cell vaccines are generated 
by heat or chemical inactivation, or irradiation with UV light or gamma rays. An 
advantage is their safety even in immune compromised persons [168-172]. 
 
The second group of vaccines is composed of well-defined components, which can 
be purified from microbial components or expressed as recombinant Ags. Subunit 
vaccines, like the ones against diphtheria, tetanus, hepatitis B virus or papilloma 
virus belong to this group. The attractiveness of this approach is the low number of 
immunogenic targets, thereby maximizing the immune response against these 
molecules. To achieve protection it is essential to identify the main components of a 
pathogen which are able to confer protective immunity, and to include the identified 
Ags  into the vaccine formulation. The use of well-defined components in the 
formulation also improves the safety profile of the vaccinates. However, the overall 
safety features of such subunit vaccines represent also their limitation. Many 
pathogens alter their surface structures by mutation and escape by this mechanism 
immune responses directed against single targets [173, 174]. This might represent a 
problem for pathogens prone to mutation, since a limited number of Ags are induced 
in the formulation. 
 
All types of vaccines can be administered via different routes. The application route 
by itself directly influences the immune response in terms of Th phenotype and 
localization (local and/or systemic). This is especially important, since the first steps 
of protective defense have to take place at the initial entry site of pathogen invasion 
[142, 175]. Most of the currently available human vaccines are given by the 
parenteral/systemic route by injection (e.g. subcutaneous, intradermal or 
intramuscular). These three different injection routes lead to the uptake of Ag by 
different APC types. While in the skin many resident APCs, like the Langerhans cells 
are found which are able to initiate strong immune responses, under the skin or in the 
muscles only few resident APCs are found. Here the Ag is taken up in most cases by 




LN. In general, parenteral immunization mainly evokes systemic immune responses 
with very poor local protection. Thus, this route is especially suitable for vaccination 
against systemic infections, like hepatitis viruses [175]. 
 
However, almost all pathogens are either restricted to the mucosal membranes or 
need to breach them in order to spread and cause systemic infections. Thus, the 
stimulation of a local immune response at the potential infection site is a clear 
advantage, since it confers protection by early blocking of colonization and infection. 
In contrast, systemic vaccination only protects against disease (e.g. symptoms), 
being vaccinated individuals still prone to colonization and able to transfer the agent 
to other susceptible hosts. This local protection can be achieved by mucosal 
administration, since this immunization route induces not only local but also systemic 
immune responses. Especially intranasal application is easy and leads to local 
protection in the oral and nasal cavity, as well as in the genitourinary tract. Thus, this 
route can be recommending not only for vaccines against airborne pathogens, but 
also against sexually transmitted diseases [176-180]. An example for successful 
development of a vaccine administered by intranasal route is the live attenuated 
trivalent influenza vaccine [181, 182]. 
 
The drawback of intranasal vaccination is the poor immunogenicity of antigens 
delivered by this route. This is due to different factors: (i) Ag clearance (e.g. ciliar 
activity, entrapment in mucus, degradation by proteases), (ii) the existence of a local 
tolerogenic milieu, (iii) limited antigen delivery through the mucosa, or (iv) limited 
occurrence of APCs to take up the Ag. Thus, Ags should be delivered either by 
systems which are able to breach through the mucosal barrier or co-administered 
with suitable mucosal adjuvants [183].  
 
2.3 Adjuvants 
As described in section 2.2, Ags in defined subunit vaccines are less immunogenic 
when compared with live or whole cell component vaccines, which have built-in 
adjuvant properties. Beside the protective Ags, whole cell vaccines also encompass 
components acting as danger signals which activate the immune system [184]. Thus, 




the so-called adjuvants (lat.: adjuvare = to help) to enhance immunogenicity. Almost 
all subunit vaccines in the market include these molecules (e.g. alum, MF59 and 
ISCOM). An ideal adjuvant should strengthen, speed up and direct the immune 
response against the applied Ags in a well-defined manner, without having by itself 
immunogenic or reactogenic properties. In addition, it should be stable with respect 
to storage but also biodegradable, cheap and fast to produce [185]. 
 
Since adjuvants are a complete heterogeneous group of compounds they differ in the 
mechanisms by which they act and interact with different immune cells. One way is 
the creation of an antigenic reservoir which slowly releases the Ags over time (e.g. 
alum). In addition, adjuvants can act directly, for example by targeting Ags to APCs 
and subsequent promotion of Ag processing and presentation. Alternatively, 
adjuvants can also work indirectly by promoting a microenvironment which helps to 
modulate, enhance and direct the immune response against the Ags [174].  
In general adjuvants are divided into two classes, immune stimulants and vehicles or 
delivery systems. Immune stimulants like saponins, TLR ligands or bacterial toxins 
increase the response to Ags by acting directly on the innate immune system. In 
contrast, vehicles and delivery systems like mineral salts, emulsions or virosomes 
provide an optimized presentation of Ags to the immune system [172]. 
 
At the moment there are only eight formulations approved for use in human vaccines. 
These include alum, squalene-based emulsion, glycolipide monophosphoryl lipid A 
derived from LPS, cholera toxin subunit B, virus like particles and influenza 
virosomes [172, 174]. Since none of the approved adjuvants is “ideal”, there are 
some disadvantages like the low efficient induction of mucosal immune responses or 
the poor induction of CTL-mediated immunity [172, 186]. For these reasons, it is still 
important to search for new adjuvants which are able to overcome the described 
problems. In the pipeline of industry and research are at the moment new promising 
compounds, among others synthetic oligodesoxynucleotides containing 
unmethylated CpG motifs to trigger TLR9, IC31 that also triggers TLR9, MALP-2 a 
TLR2/6 ligand or saponins [172, 174, 187-191]. 
 
An interesting adjuvant with respect to the elicited Th phenotype in the immune 




was first derived from the marine sponge Agelas mauritianus and later modified by 
pegylation to enhance its biological properties [192, 193]. It was shown that αGC has 
immune modulatory properties, leading to the activation of various cell subsets of the 
innate and adaptive immune system. APCs can present αGC by CD1d molecules to 
Vα14+ NKT cells which are activated upon binding and start to produce large 
amounts of IFNγ and IL-4 [194-198]. It was shown that activation of Vα14+ NKT cells 
leads to a Th2 biased immune response and blocks Th17 polarization [199].  
 
Other interesting candidates are the cyclic-di-nucleotides [200-202]. Among them, 
the bis(3’,5’)-cyclic dimeric adenosin mono phosphate (c-di-AMP), which was first 
described as a second messenger signaling for DNA integrity in Bacillus subtilis 
during sporulation [203]. Chemically seen, it is a small cycle of RNA, containing two 
bases linked to ribose and phosphate. Since c-di-AMP does normally not occur in 
higher organisms it acts as a PAMP and is sensed by binding to STING [201, 203, 
204]. It was shown that c-di-AMP promotes a local and systemic immune response 
with a Th1/Th17 dominated immune response when used as adjuvant in a murine 
system [202]. However, in contrast to CpG motifs, a robust Th2 component is still 
present. 
 
Influenza virosomes seem to be a promising combination of Ag carrier and immune 
stimulating adjuvant leading to local and systemic protection [205, 206]. For the 
production of virosomes, an influenza vaccine strain is propagated in chicken eggs 
and then inactivated (e.g. with beta-propiolactone or formaldehyde). Subsequently 
the surface glycoproteins and phospholipids are solubilized with the detergent 
octaethyleneglycol onododecylether and the influenza surface antigens 
hemagglutinin (HA) and neuraminidase (NA) are purified and mixed with lecithin. By 
step-wise removal of the detergent virosomes form spontaneously and the HA and 
NA viral antigens are incorporated into the phospholipid bilayer [207]. Similar to 
influenza virus, virosomes bind to host cells via HA and trigger endocytosis. Inside 
the endosome, the low pH value leads to HA-mediated membrane fusion and partial 
escape of virosomes to cytoplasm. Thereby, MHC class I restricted immune 
responses are stimulated. In parallel, HA and NA fragments are presented by MHC 
class II molecules and trigger CD4+ T cell activation [205]. 
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3 Aim of the study 
Most vaccines on the market trigger by a combination of Ag(s) and adjuvant in their 
formulation strong Th2 dominated immune responses to provide protection. As above 
mentioned, a newly discovered Th subset called Th17 has been reported to play an 
important role in combating certain infectious pathogens. However, their induction by 
vaccines is poorly understood and it was therefore not considered in the rational 
process of vaccine design. In this context, it has been shown that the antigen dose 
plays an important role for shaping Th1/Th2 subsets following immunization. 
 
Thus, the overall aim of this thesis was to clarify the impact of Ag dose on Th17 
induction and to investigate whether changes in Ag concentration of vaccine 
formulations can be exploited to tailor T cell responses. To this end, in vitro 
experiments with cells from TCR transgenic and wild type mice were performed to 
characterize Ag dose dependent induction of Th17 cells. The experiments 
investigated polarization (i) under normal culture conditions, (ii) in the presence of a 
polarizing cytokine milieu or (iii) by neutralization of Th17 blocking cytokines. In vivo 
immunization studies with the model Ag OVA were also performed to set up a model 
system of targeted Th17 induction. This system was subsequently transferred to a 
vaccination relevant setting in which the impact of Ag dose-dependent modulation of 
Th17 responses on protective immunity was addressed in vivo. This was achieved by 
using an influenza vaccine in combination with a murine viral challenge model. To 
obtain a complete in vivo characterization of the T cell responses, a complex 9-color 
staining panel for flow cytometry analysis was established during this study. 
 
It has been described that Th17 immune responses can correlate with detrimental 
outcome for the host after infection with certain pathogens. Therefore, the possibility 
to selectively shutdown Th17 induction after vaccination could represent a true asset 
for the development of certain vaccines. The adjuvant αGCPEG is able to induce Th2 
immune responses, but blocks Th17 induction. However, the mechanism of action 
was unknown. Thus, the second part of this work investigated the underlying 
principles of Th17 blockage by αGCPEG, as alternative approach to dose dependent 
fine-tuning of the elicited responses. To this end, in vitro experiments with murine 
NKT cells and in vivo immunization studies with wild type and NKT KO mice were 
Aim of the study 
25 
 
performed, which enable to characterize the underlying mechanisms of Th17 
blockage. It is expected that the knowledge and strategies established during this 








Table 1: List of used antibodies 
Antigen Clone Fluorochrome Company Cat.# 
CD3 500A2 V500 
Becton, Dickinson and 
Company (BD), USA 
560773 




CD3 145-2C11 FITC BD, USA 553062 
CD3 17A2 unlabeled eBio, Germany 16-0032-86 
CD4 RM4-5 PE-Cy7 eBio, Germany 25-0042-82 
CD4 RM4-5 APC-Alexa750 eBio, Germany 27-0042-82 
CD8a 53-6.7 PB eBio, Germany 48-0081-82 
CD8a 53-6.7 FITC BD, USA 553031 
CD8a 53-6.7 PE BD, USA 553033 
CD11b M1/70 PE BD, USA 557397 
CD11c N418 FITC eBio, Germany 53-0114-82 
CD11c N418 PE eBio, Germany 12-0114-83 
CD11c N418 APC eBio, Germany 17-0114-82 
CD11c N418 APC-Cy7 eBio, Germany 25-0114-82 
CD25 PC61 PE BD, USA 553866 
CD28 37.51 unlabeled eBio, Germany 16-0281-86 
CD44 IM7 APC eBio, Germany 17-0441-83 
CD45R (B220) RA3-6B2 PE BD, USA 553089 
CD49b (DX5) DX5 PE BD, USA 553858 
CD62L MEL-14 FITC BD, USA 553150 
CD80 16-10A1 PE eBio, Germany 553769 
CD80 16-10A1 APC eBio, Germany 17-0801-82 




CD86 GL1 PE BD, USA 553692 
CD90.1 HIS51 PE-Cy5 eBio, Germany 15-0900-82 
CD90.1 HIS51 PE-Cy7 eBio, Germany 25-0900-82 
CD90.1 HIS51 PerCP-Cy5.5 eBio, Germany 45-0900-80 
CD90.2 53.2-1 FITC BD, USA 010041 
CD90.2 53.2-1 PE-Cy7 eBio, Germany 25-0902-82 
I-A
b/d
 M5/114.15.2 eFluor450 eBio, Germany 48-5321-82 
IFNγ XMG1.2 PE eBio, Germany 12-7311-82 
IFNγ XMG1.2 Alexa647 eBio, Germany 51-7311-82 
IFNγ XMG1.2 PB eBio, Germany 48-7311-82 
IFNγ R4-6A2 unlabeled eBio, Germany 16-7312-85 
IL-2 JES6-5H4 APC-Cy7 BD, USA 560547 
IL-2 JES6-1A12 unlabeled eBio, Germany 16-7022-82 
IL-4 11B11 APC eBio, Germany 17-7041-82 
IL-4 11B11 unlabeled eBio, Germany 16-7041-85 
IL-10 JES5-16E3 AlexaF700 eBio, Germany 56-7101-82 
IL-17A eBio17B7 FITC eBio, Germany 11-7177-81 
IL-17A eBio17B7 PE eBio, Germany 12-7177-81 
IL-17A eBio17B7 Alexa647 eBio, Germany 51-7177-82 
IL-17A TC11-18H10 V450 BD, USA 560522 
IL-17F eBio18F/0 PE eBio, Germany 12-7471-80 
IL-17F eBio18F/0 Alexa647 eBio, Germany 51-7471-80 
IL-22 1H8PWSR PerCP-eF710 eBio, Germany 46-7221-82 
NK1.1 PK136 APC eBio, Germany 17-5941-82 
TNFα MPG-XT22 eFluor450 eBio, Germany 45-7321-82 
TNFα MPG-XT22 PerCP-eF710 eBio, Germany 46-7321-82 




4.2 Chemical compounds and reagents 
Table 2: Chemical compounds and reagents 
Chemical: Company: 
3-amino-9-ethyl-carbazole (AEC substrate kit)  BD Pharmingen, USA 
Acetic acid (CH3COOH) Merck, Germany 
Acetonitrile (CH3CN) Sigma-Aldrich, Germany 
Ampuwa
 
 Serumwerk, Germany 
Avidin-HRP (horseradish peroxidase) conjugated  BD Pharmingen 
Ammonium chloride (NH4Cl)  Merck, Germany 
Bovine serum albumin (BSA) Sigma-Chemie, Germany 
Brefeldin A Sigma-Chemie, Germany 
Carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) Invitrogen, Germany 
Citrat acide –1- hydrate (C6H8O7 * H2O) Riedel-de Häen 
Concanavalin A from Canavalia ensiformis Sigma-Aldrich, Germany 
DMEM medium (low glucose) Gibco, UK 
N,N-Dimethylformamide (DMF) Sigma-Aldrich, Germany 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Germany 
Ethylenediaminetetraacetic acid (EDTA) Fluka, Switzerland 
Ethanol 100% Fluka, Switzerland 
Fetal calf serum, South America (FCS) Greiner Bio-One, USA 
Formaldehyde ≥ 36.5% Riedl-de-Haën, Germany 
Gentamycine (50mg / ml in deionised water) Gibco, UK 
L-Glutamine  Gibco, UK 
Granulocyte-macrophage colony stimulating factor (GM-CSF) BD, USA 
Ionomycin Sigma-Aldrich, Germany 
Isofluran
®
Curamed vet inhalation anesthetic Essex Tierarznei, Germany 
Isopropanol Merck, Germany 
Isoton II (acid-free balanced electrolyte solution) Beckman Coulter, USA 
2-Mercaptoethanol (50 mM) Gibco, UK 
[methyl-
3
H] Thymidine solution Amersham, Germany 




Penicillin/Streptomycin (100 units/ml Penicillin G Sodium;  
50 µg/ml Streptomycin Sulfate in 85% Saline) 
Gibco, UK 
Phorbol 12- myristate 13-acetate (PMA) Sigma-Aldrich, Germany 
Potassium chloride (KCl)  Fluka, Switzerland 
Potassium hydrogen carbonate (KHCO3)  Merck, Germany 
Potassium dihydrogen phosphate (KH2PO4)  Carl-Roth, Germany 
RPMI 1640 medium (+L-glutamine) Gibco, UK 
Sodium acetate (CH3COONa) Merck, Germany 
Sodium carbonate (Na2CO3)  Carl-Roth, Germany 
Sodium chloride (NaCl)  Carl-Roth, Germany 
Sodium hydrogen carbonate (NaHCO3)  Merck, Germany 
Sodium dihydrogen phosphate (NaH2PO4) Merck, Germany 
di-Sodium hydrogen phosphate (Na2HPO4) Merck, Germany 
Sodium hydroxide (NaOH) Carl-Roth, Germany 
Streptavidin–horseradish peroxidase conjugate (ELISPOT) BD Pharmingen, USA 
[methyl-
3
H]Thymidine 5.0 Ci / mmol Amersham, Bioscience 
Trypan blue Sigma-Aldrich, Germany 
Tween 20  Carl-Roth, Germany 
 
4.3 Solutions and buffers 
Table 3: Solutions and buffers 
Solution/buffer: Composition: 
ABTS-solution 0.3 g/l ABTS in 0.1 M citric acid 
ABTS / H2O2 0.03% (v/v) H2O2 in ABTS-solution 
Acetate solution (0.1 M) 
148 ml acetic acid 0.2 mM to 352 ml of 0.2 mM sodium acetate; 
adjust volume to 1 l with water, pH 5.0 
ACK lysis buffer 0.1 mM EDTA; 1 mM KHCO3; 155 mM NH4Cl; pH 7.3 
Alsever’s solution 
2.05% Glucose, 0.8% sodium citrate, 0.42% sodium chloride, 0.055% 
citric acid/H2O (w/v) 
Blocking buffer (ELISpot) 2% BSA/PBS (w/v) 
Dilution buffer (ELISpot) 2% BSA/PBS (w/v) 
MACS buffer 0.5% BSA; 2 mM EDTA in PBS 
Permeabilization buffer 0.5% BSA; 0.5% Saponin/PBS (w/v) 






2.7 mM KCl; 1.8 mM KH2PO4; 137 mM NaCl; 10 mM Na2HPO4; pH 
7.4 
Trypan blue solution 0.1% Trypan blue/PBS (w/v) 
 
4.4 Antigens and adjuvants 
Table 4: Antigens and adjuvants 
Antigen / Adjuvant: Company: 
S-[2,3-bispalmitoyiloxy-(2R)-propyl]-R-cysteinyl-amido-
monomethoxy polyethylene glycol (BPPcysPEG) 
HZI, Germany 
Cholera toxin B subunit (CTB) Sigma-Aldrich, Germany 
CpG ODN 1826 MOLBIOL, Germany 
Curdlan Sigma-Aldrich, Germany 
Cyclic-di-adenosine-mono.phosphate (c-di-AMP) HZI, Germany 
Cyclic-di-guanosine-mono-phosphate(c-di-GMP) HZI, Germany 
α-galactosylceramide polyethylene glycol (αGCPEG) HZI, Germany 
H5N1 Virosomes Berna Biotech, Switzerland 
HA peptide AA110-120 from influenza virus PR8 HZI, Germany 
ISCOM Berna Biotech, Switzerland 
Lipopolysaccharide (LPS) Sigma-Aldrich Germany 
EndoGrade Ovalbumin Hyglos, Germany 
Ovalbumin, grade VII Sigma-Aldrich, Germany 
Ovalbumin peptide AA323-339  HZI, Germany 
Ovalbumin peptide AA323-339-FITC  HZI, Germany 
For some experiments Ovalbumin-peptide AA323-339 was synthesized with a seven 
AA “spacer” at the C-terminal end. The C-terminal end of the spacer has been 
labeled with FITC (Fig. 6).Mutated FITC labeled peptides were generated by 







Table 5: Sequences of mutated OVA-peptides 
Name: AA exchange: Final sequence: 
335A 335N →335A ISQAVHAAHAEIAEAGR 
335Q 335N →335Q ISQAVHAAHAEIQEAGR 
336A 336E →335A ISQAVHAAHAEINAAGR 





Fig. 6: Schematic structure of FITC labeled OVA-peptide AA323-339.  The OVA-peptide (light 
blue box) is linked by a seven AA long spacer (grey box) to a FITC molecule (yellow circle). 
 
4.5 Consumables 
Table 6: Consumables 
Product: Company: 
15 and 50 ml Cellstar®tubes Greiner bio –one, Germany 
Cell culture plates TPP, Switzerland 
Cell strainer 100 µm BD Bioscience, USA 
CombiTips 1-10ml Eppendorf, Germany 
Cell trics 50 µm filter Partec GmbH, Germany 
Counter cuvettes Beckman Coulter, Germany 
FACS tubes 1.2 ml MP Biomedicals, France 
FACS tubes 5ml BD Bioscience, USA 
Injection needle 1ml 30G x ½“ Omnican F B. Braun, Germany 
Multistepper Matrix Thermo Scientific, Germany 
Parafilm American National Can, USA 
Pasteur Pipettes  Brand GmbH + Co. KG, Germany 
Petri dishes Greiner Bio-one, Germany 
Pipette Tips Greiner Bio-one, Germany 
Serological Pipettes 5/10/25 ml Roth, Germany 
Safe lock reaction tubes Eppendorf, Germany 
Scissors and forceps B Braun, Germany 
Tissue culture flask 75/150 cm³ TPP, Switzerland 





4.6 Cell culture media 
Table 7: Cell culture media 
Medium: Composition: 
RPMI complete 
RPMI 1640 supplemented with 10% heat inactivated FCS, 100 U/ml of 
penicillin, 50 μg/ml of streptomycin and 1 mM L-glutamine 
BMDC medium RPMI complete supplemented with 50 µg/ml gentamycine 
 
4.7 Instruments 
Table 8: Instruments 
Instrument: Company: 
Centrifuge Biofuge pico 
Heraeus, Germany Centrifuge Megafuge R40 
Centrifuge Multifuge 3S-r 
CTL Immunospot analyzer CTL-Europe GmbH, Germany 
Cell counter Z2 Beckman Coulter, Germany 
ELISA Reader Synergy2 BioTek Laboratories GmbH, Germany 
Flow Cytometer Aria2, Canto, LSRII  BD, USA 
Freezer and Fridge Liebherr, Germany 
Cell harvester ICH-110 INOTECH, Switzerland 
Handystep Brand, Germany 
Heating magnetic stirrer IKA Labortechnik, Germany 
Incubator Heraeus, Germany 
Micropipettor Hirschmann Laborgeräte, Germany 
pH-meter Hannah Instruments, Germany 
Pipettbay Thermo Scientific, Germany 
Precision 2000 automated microplate pipetting 
system 
BioTek laboratories, Germany 
Plate washer ELx 405 
Scale TE1502S 
PerkinElmer, Finland 
Scintillation Counter Wallac 1450 
Sterile hood Hera Safe Thermo Scientific, Germany 
Vortex Genie-2 Omnilab, Germany 




4.8 H5N1 Influenza virus 
The used influenza virus strain NIBRG-14 displays H5N1 and is a vaccine reference 
strain originally created by the National Institute for Biological Standards and Control 
(NIBSC) by using reverse genetics to combine A/Vietnam/1194/2004 (H5N1) virus (in 
which the polybasic HA cleavage site has been excised) and A/PR/8/34 (H1N1) 
virus. The used technique is described in detail for creation of a similar strain in [208]. 




Six to eight weeks old female BALB/c and C57BL/6 mice were purchased from 
Harlan Winkelmann GmbH (Borchen,Germany). OTII, DO11.10, TCR-HA and 
C57BL/6 Thy1.1 mice were bred in-house at the HZI animal facility. OTIIxThy1.1 
mice were generated by crossing at the HZI. 
Jα281 knock out (KO) mice were kindly provided by the animal facilities of the Max 
Planck Institute for Infection Biology (Berlin). 
Mice were treated in accordance with local and European Community guidelines and 
kept under SPF conditions in individual ventilated cages with food and water ad 
libitum. Experiments using animals were done with the permission of the local 
authorities; permission numbers: 33.11.42502-04-104/07/2007 and 33.11.42502-04-
105/07/2007 from the local government (Bezirksregierung Braunschweig). 
 
 
Table 9: Phenotypes of used transgenic mouse strains 




 T cells express only T cell receptors with affinity 





 T cells express only T cell receptors with affinity 





 T cells express only T cell receptors with affinity 
for HA-peptide AA110-120 from influenza strain PR8 
[211] 
Thy1.1 C57BL/6 
All T lymphocytes express CD90.1 in contrast to wild 
type mice that express CD90.2; e.g. congenic marker  
[212] 
Jα281 KO BALB/c 
By the KO of Jα281 gene, cells of these mice cannot 







5.1 Cell isolation 
In all experiments mice were sacrificed by CO2 inhalation or cervical dislocation.  
 
5.1.1 Spleen and lymph nodes 
Spleen and/or lymph nodes (LNs) were removed and minced with the piston of a 3 ml 
syringe through a 100 µm nylon mesh to obtain a single cell suspension. The 
erythrocytes were lysed by ACK buffer for 1-2 minutes, followed by a washing step. 
To remove dead cell clumps, the cell suspension was filtered again though a 100 µm 
nylon mesh. 
 
5.1.2 Bone marrow  
For generating bone marrow derived dendritic cells (BMDCs), hind legs were 
removed and cleaned from muscles and flesh. The intact bones were disinfected with 
ethanol for 1-2 min. In a clean bench, both ends of every bone were cut and the bone 
marrow was flushed out with medium by using a syringe. The bone marrow was 
disrupted with a syringe to obtain a single cell suspension. After lysis of erythrocytes 
with ACK buffer the cell number was adjusted to 1x106/ml by diluting the cells in full 
RPMI supplemented with Gentamycine. To differentiate the cells to DC like cells, 
GM-CSF (5 ng/ml) was added and cells were cultured in 6 well plates (5 ml/well) for 
5-6 days in the incubator. Beginning from day 3, 2 ml of medium per well were 
exchanged daily. After 5-6 days cells were fully differentiated and were used as DCs. 
 
5.2 Antibody staining for flow cytometry 
5.2.1 Surface antigens 
The staining of surface antigens was performed in PBS on ice. A pre-diluted mix of 
all antibodies plus a live/dead staining dye was added to the suspended cells, which 
were then vortexed. After 30 min at 4°C in the dark, staining was stopped with 4-10 





5.2.2 Intracellular cytokine staining  
When intracellular cytokines were stained, Brefeldin A was used to block the cytokine 
transport from the endoplasmic reticulum (ER) to the Golgi apparatus. By this 
treatment cytokines accumulated in the ER were stained after permeabilization of the 
cell membrane. In brief, cells were fixated with 2% paraformaldehyde (PFA) in PBS 
for at least 30 min at 4°C. Then cells were permeabilized by 30 min incubation in 
permeabilization buffer (perm. buffer). After centrifugation and decanting the 
supernatant (SN), the Abs mixtures pre-diluted in perm. buffer were added. After 30 
min at 4°C in the dark, staining was stopped with 4-10 volumes of perm. buffer. For 
reducing the unspecific background, an additional washing step with perm. buffer 
flushed unbound Abs out of the cells. After washing cells one time with PBS they 
were ready for analysis. 
 
5.2.3 Cell labeling with carboxyfluorescein succinimidyl ester (CFSE)  
Cells were labeled with CFSE for quantification of proliferation and discrimination of 
undivided and divided cells by flow cytometry,. The labeling was performed with 
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE), which can easily pass 
cell membranes due to its acetate groups. Inside the cell, CFDA-SE is converted by 
esterases to CFSE and binds covalently to intracellular molecules [214]. While 
CFDA-SE has no fluorescent properties, CFSE can be excited with a blue laser and 
measured in the FITC channel. 
With every division of a cell, all molecules are equally distributed to the two daughter 
cells, halving the amount of CFSE molecules in the next generation. This reduction of 
fluorescent molecules is detected by a flow cytometer as a 50% loss of signal 
strength. When the CFSE signal of proliferated cells is displayed as a histogram, as 
shown in Fig. 7A, a typical pattern is seen - every peak from right to left represents 
one round of division, starting with undivided cells. With the FlowJo software it is 
possible to calculate the number of cell generations and to mark these in the 







Fig. 7: Histogram showing cell proliferation tracked by CFSE dilution. A: Peak pattern as detected directly 
by LSR2 B: Peak pattern with marked cell generations calculated by FlowJo software 
 
5.3 Flow cytometry 
5.3.1 Fluorescence Activated Cell Sorting (FACS) 
In most experiments pure and well-characterized cell populations sorted by FACS 
were used. When fluorochromes with overlapping spectral properties were used in 
the same staining, spectral overlap compensation was performed by using single 
stainings for every used antibody. 
 
5.3.1.1 Naïve non-activated CD4+ T cells 
For sorting of naïve non-activated CD4+ T cells, single cell suspensions from spleen 
and LNs were stained for CD4, CD25, CD62L and, in case of C57BL/6 background of 
the donor mice, also for CD44. The cells were sorted with a BD FACS Aria 2, 
according to the shown gating strategy (Fig. 8). The first gate (P1) selected total 




cells were discriminated from doublets with gate two (P2) and three (P3) by FSC-A 
against FSC-heights (FSC-H) and SSC-A against SSC-width (SSC-W), respectively. 
The next gating on cells positive for CD4 (CD4+; PE-Cy7) and expressing high levels 
of CD62L (CD62Lhi; FITC) selected the naïve CD4 population (P4). Cells negative for 
CD25 (CD25-; PE) and with low expression of CD44 (CD44lo; APC) were non-
activated as shown in the last gate (P5). In total the cells were sorted for CD4+CD25-
CD44loCD62Lhi with purity higher than 99%. 
 
 
Fig. 8: Gating strategy for sorting of naïve non-activated CD4
+
 T cells from OTII mice.Screen 
shots from FACS DIVA software which was used for cell sorting are shown. Cells are gated on leucocytes (gate 
P1) and subsequently on singlets by FSC (gate P2) and SSC (gate P3). Gating of CD62L
hi
 (FITC) and CD4
+
 (PE-
Cy7) (gate P4) selects naïve cells and by excluding CD25
+
 (PE) and CD44
hi
 (APC) (gate P5) non-activated cells 
are chosen. 
 
5.3.1.2 NKT cells 
For some experiments NKT cells were sorted from single cell suspensions of 
splenocytes. Cells were stained for CD8, CD11b, CD11c, B220 and DX5 with PE 
conjugated Abs and for NK1.1 with APC labeled Ab. The sorting gate was targeted 





5.3.1.3 Dendritic cells 
DCs were sorted either from BMDC culture or for some experiments from 
splenocytes. The cells were stained and sorted for CD11c and MHC class II. The 
target population was CD11c+ and MHC class II intermediate/high. When sorting DCs 
from spleen it was necessary to sort the cells two times to achieve a purity >99%. 
 
5.3.2 Analysis of cells 
Cells were analyzed using either BD FACSCanto or BD LSR2. From every sample at 
least 1x104 cells from in vitro proliferation experiments and 1x106 cells from in vivo 
experiments were acquired. After spectral overlap compensation with the BD FACS 
Diva Software, FCS-files were exported and analyzed with FlowJo software from 
Tree Star. 
 
5.4 Determination of cell numbers 
To determine cell numbers in suspensions the electronic cell counter Z2 from 
Beckman Coulter was used. The cell suspensions were diluted 1:500 or 1:1000 in 
Isoton II. Using the Multisizer analyzer and Accucomb software, the cell population 
with a size between 5 µm and 16 µm of diameter was chosen and counted. 
Everything below 5 µm was debris and was not counted. 
 
5.5 Propagation and titration of H5N1 influenza virus 
Fertilized SPF hen eggs incubated for 10 days at 37°C at 50-70% humidity and 
regularly rotated. Virus stock was diluted in PBS with 1:10 serial dilutions from 10-2 to 
10-4. The eggs were candled and embryonated eggs at the same stage of 
development selected. For each virus dilution 5 eggs were infected by injection into 
the chorioallantoic cavity. The holes were sealed and eggs were incubated for 48 h 
and subsequently stored overnight at 4°C. Eggs were carefully opened and allantoic 
fluids were collected, pooled for each concentration and stored at 4°C. The virus titer 
was determined by hemagglutination test (HA-test). For this test 1:2 serial dilutions 
from allantoic fluids were performed in round bottom 96 well plates. To each well the 
same volume of standardized red blood cell (RBC) suspension was added and plates 




virus that caused complete hemagglutination was determined. The HA titer is the 
reciprocal of the dilution of virus in the last well with complete hemagglutination. 
 
5.6 In vitro proliferation assay 
5.6.1 Stimulation with antigen 
For the in vitro proliferation assays, sorted naïve non-activated CD4+ T cells from 
TRC transgenic mice were labeled with CFSE and co-cultured with BMDCs plus 
antigen for 4-5 days in the incubator. In some experiments, DCs sorted from spleens 
(sDCs) were used. For most experiments 1x105 T cells were co-cultured with 1x104 
BMDCs and in some experiments also with 1x104 NKT cells in round bottom 96-well 
plates. The used antigen dose ranged from 0.02-100,000 nM of OVA-peptide AA323-
339 or HA-peptide AA110-120. 
 
5.6.2 Stimulation with αCD3 and αCD28 antibodies 
For obtaining CD4+ T cells proliferation independent of antigens, αCD3 and αCD28 
antibodies were used. In about half of the experiments spleen cells depleted from 
CD8 cells by FACS were used (5x105 cells per well of a 96-well plate with flat 
bottom). For the other part of experiments, sorted naïve non-activated CD4+ T cells 
co-cultured with BMDCs were used, as described above (5.6.1). Since the used 
antibodies stimulate T cells directly by binding to the CD3 complex, activation of cells 
is independent from the Ag specificity of the TCR. With this method it is possible to 
stimulate cells from wild type animals (C57BL/6 and BALB/c) and from TCR 
transgenic mice (OTII and DO11.10). To measure the proliferation, CD8 depleted 
spleen cells or sorted CD4+ T cells were labeled with CFSE after sorting. The cells 
were cultured in the incubator for 4-5 days in the presence of 1 µg/ml αCD28 Ab and 
αCD3 Ab titrated in a range of 0.03-64 µg/ml. 
 
5.6.3 Culture conditions 
For the in vitro proliferation assays different culture conditions were used. Beside the 
“normal” conditions (only complete RPMI), for some experiments Th17 polarizing 




adding IL-6 (20 ng/ml) and TGFβ (1 ng/ml) to the cell culture. In some experiments 
neutralizing Abs against IL-2, IL-4 and IFNγ (all 10 µg/ml) were added to the culture. 
 
5.6.4 Restimulation and staining for flow cytometry 
After 4-5 days, plates from in vitro proliferation assays were centrifuged and the SN 
removed by a fast flip of the plate. To restimulate the cells, 100 µl of medium 
supplemented with ionomycin (1 µg/ml) and phorbol 12-myristate 13-acetate (PMA) 
(0.01 µg/ml) were added per well and cells were incubated for 4 h. For the last 2 h of 
the incubation 100 µl medium supplemented with ionomycin, PMA and brefeldin A. 
The brefeldin A was double concentrated so that the final concentration in each well 
was 5 µg/ml. After restimulation, cells were stained for viability and CD4 and fixated 
with PFA. Intracellular staining for IL-4, IL-17 and IFNγ was performed after 
permeabilization. 
 
5.7 Adoptive transfer 
For analyzing the T helper polarization in vivo, sorted naïve CD4+ T cells from 
OTIIxThy1.1 double transgenic animals were adoptively transferred to normal 
C57BL/6 mice. Since the transferred T cells express Thy1.1 (CD90.1) and all T cells 
from normal C57BL/6 express Thy1.2 (CD90.2), the two cell populations can be 
distinguished by flow cytometry by staining for this marker. Recipient mice received 
2x106 CFSE labeled cells by tail vein injection and were immunized the following day 
with 0.4-625 µg OVA plus 25 µg LPS, either by intraperitoneal injection (i.p.) or by 
intra food pad injection (i.fp.). After 3-5 days the mice were sacrificed and spleens 
were taken. From mice, immunized i.p. before, additionally a peritoneum lavage (2 x 
3 ml PBS) was performed, whereas from animals immunized i.fp. the draining 
popliteal LNs were isolated. The isolated cells were restimulated with ionomycin + 
PMA and brefeldin A was added, as above described (5.6.4). 
After staining for CD3, CD4, CD90.1 and viability, cells were fixated with 2% PFA. 
For staining intracellular cytokines, cells were permeabilized and fluorochrome 
labeled Abs against IL-4, IL-17 and IFNγ were added, as described in 5.2.2. Read out 






5.8.1 Immunization strategy 
5.8.1.1 Ovalbumin titrations 
Groups of 3 or 5 six to eight weeks old C57BL/6 mice were immunized by either i.p. 
or s.c. route on day 0, 14 and 21 of the experiment. The animals were given different 
dosages of OVA ranging from 0.2 to 625 µg plus 20 or 25 µg LPS per mouse. Control 
groups received PBS, 20 or 25 µg LPS, or 25 µg OVA alone. 
On day 42 mice were sacrificed and sampled. 
 
5.8.1.2 H5N1 virosome titrations 
For the combined immunization and challenge study, 6 groups of 15-16 six to eight 
weeks old BALB/c mice were immunized by i.n. route on day 0, 14 and 21 of the 
experiment. Each animal received 2.5 µg of c-di-AMP co-administered with 0.1, 0.5, 
2.5 or 7.5 µg H5N1 virosomes diluted in 20 µl Ampuwa by application of 10 µl of 
solution to each nostril while anesthetized by isofluran inhalation. Control group mice 
received Ampuwa or 7.5 µg H5N1 virosomes alone. On day 42 five mice of each 
group were sacrificed and sampled. The remaining 10-11 mice per group were 
challenged with H5N1 virus, as described in section 5.8.2. 
 
5.8.1.3 Immunizations including αGCPEG 
Groups of 5 six to eight weeks old C57BL/6 or Jα281 knock out (KO) mice were 
immunized by i.n. route with 50 µg OVA co-administered with either 5 µg αGCPEG, 
10 µg LPS, 1 µg BPPcysPEG, 10 µg CTB, 200 µg Curdlan, 20 µg CpG, 7.5 µg 
ISCOM or 2.5 µg c-di-GMP. Control animals received PBS or OVA alone. In most 
experiments animals were immunized on day 0, 14, 21 and sacrificed on day 42, 
whereas in experiments with Jα281 KO mice the animals were only immunized on 
day 0 and 14 and sacrificed on day 35. 
 
5.8.2 H5N1 challenge of immunized mice 
Mice immunized with H5N1 virosomes as described in section 5.8.1.2 were 




on day 49. For the next 6 days the animal weight was determined in the morning and 
animal health conditions were monitored in the morning and in the evening. Mice 
which lost 25% or more of starting bodyweight or were in bad physiological 
conditions were sacrificed and considered as killed by the infection. After 6 days all 
remaining animals were sacrificed. 
 
5.8.3 Sampling of mice 
The immunized animals were anesthetized with isofluran inhalation and 500 µl of 
blood were taken with glass capillaries from the retro-orbital plexus. Animals were 
sacrificed by CO2 inhalation afterwards and spleens were isolated and processed as 
described in 5.1.1. To obtain serum the blood samples were incubated for 1 h at 
37°C to coagulate, followed by incubation for 30 min at 4°C to enable the retraction of 
coagula. For separating serum from cellular blood components, tubes were 
centrifuged for 10 min at 7000 rpm. SNs were transferred to new tubes and stored at 
-20°C. 
 
5.8.4 Enzyme linked immunospot assay (ELISpot) 
For characterization of antigen specific cytokine producing spleen cells of immunized 
mice ELISpot assays were performed. The day before sampling, 96 well pates with 
hydrophobic high protein binding Immobilin-P-Membranes on the flat bottom were 
coated with capture antibodies against IL-4, IL-17 or IFNγ diluted in PBS overnight at 
4°C. The next day, plates were washed and incubated for 2 h at RT with complete 
medium to block unspecific binding sites on the membrane with protein from the 
medium. For every sample, 11 wells with 5x105 spleen cells per well were used. The 
first 5 wells were restimulated with 5 µg/ml of OVA or 2 µg/ml of H5N1 virosomes, 
whereas the next 5 wells were left unstimulated to determine unspecific cytokine 
production (background). The last well was stimulated with 5 µg/ml of concanavalin A 
(Con A) as positive control. Unused wells on each plate were filled with medium 
alone as negative controls. The plates were incubated at 37°C and 5% CO2 for 24 
(IFNγ) or 48 h (IL-4 and IL-17). To stop cytokine production, plates were washed with 
deionized water followed by washing with buffer (0.05 % Tween-20 in PBS). To 
detect captured cytokines on the membranes, corresponding biotinylated detection 




temperature (RT). After washing with wash buffer, horseradish peroxidase (HRP) 
coupled to avidin was added and incubated for another hour at RT. The plates were 
then washed with wash buffer and subsequently with PBS. To visualize the captured 
cytokines, substrate solution was added and within the next 5 to 30 min red/brownish 
spots appeared by the HRP catalyzed reaction. The reaction was stopped by 
washing the plate with deionized water. Plates were dried overnight at RT in the dark 
and then scanned with the ImmunoSpot series 3A analyzer. The spots were counted 
by using the ImmunoSpot image analyzer software (version 3.2; Cellular Technology, 
Ltd.). Every spot in this assay represents one cell producing the captured cytokine. 
For every sample spot forming units (SPU) per 1x106 spleen cells subtracted by the 
background from unstimulated cells were calculated. The results are presented as 
mean values +/- the standard error of the mean (SEM) and the subtracted 
background levels are given for each experiment. All antibodies for ELISpot were 
used according to the manufacturer’s protocols supplied in the kits. 
 
5.8.5 Proliferation assays based on 3H-thymidine incorporation 
Antigen specific proliferation of cells from immunized mice can be determined by 
measuring the incorporation of radioactive 3H-thymidine into the DNA after antigen 
restimulation. Spleen cells from all animals per group were pooled and 5x105 cells 
per well were seeded in 96 well plates. To restimulate the cells, either OVA was 
added to final concentrations of 10, 20, 30 and 40 μg/ml or H5N1 virosomes with final 
concentrations of 0.1, 1 and 2 µg/ml. As a positive control ConA was used at a final 
concentration of 5 μg/ml, whereas negative controls were cultured in medium alone. 
For all conditions quadruplicates were cultured in the incubator for 96 h. For the last 
16-18 h, 1 μCi/well of 3H-thymidine was added to the plates. Then, cells were 
harvested on filter mats with the cell harvester ICH-110 and dried in a microwave for 
30 s. Melt-on scintillator sheets were melted on the filter forming a wax layer which 
acts as a solid scintillation material. The concentration of 3H-thymidine was 
determined by measuring the radioactivity in counts per minute (cpm) using the γ-






5.8.6 Identification of T helper and polyfunctional CD4+ T cells by flow 
cytometry 
For 3 mice per group 2x107 spleen cells per animal were cultured with either 2 µg/ml 
of H5N1 virosomes for restimulation or medium alone as control for 20-24 h. For the 
last 4 h, 5 µg/ml brefeldin A was added to every sample. Cells were stained for 
viability, CD3, CD4 and CD8. After fixation, cells were permeabilized and stained for 
IL-2, IL-4, IL-17, IFNγ and TNFα. At least 1x106 cells per sample, viable at the time 
point of staining, were acquired by LSRII. 
 
5.9 Statistics 
Statistical analyses were performed with the GraphPad Prism 5 software. For 
multiple group comparisons, one-way ANOVA or two-way ANOVA were applied. For 
comparisons of independent groups, Student’s t test or the Mann-Whitney test were 
performed. For comparisons of matched groups, paired Student’s t test or Wilcoxon 
matched test were performed. In figures, n.s. indicates not significant; *** indicates p 






6.1 Influence of antigen dose on T helper polarization 
6.1.1 Setup of the in vitro proliferation assay 
To study the polarization of naïve CD4+ T cells into different Th phenotypes a reliable 
and simple model had to be established. An in vitro proliferation assay with sorted 
naïve CD4+ T cells from TCR transgenic mice and the corresponding Ag presented 
by sorted BMDCs fulfills these criteria. The workflow for this assay, as well as the 
following data acquisition and analysis are shown schematically in Fig. 9 and 
explained in detail in section 5.6. In a first set of experiments, Ag concentrations were 
defined, ranging from those not inducing proliferation at all to those triggering 
induction of full proliferative T cell responses. 
 
 
Fig. 9: Schematic workflow for the established in vitro proliferation assay. Sorted naïve CD4
+
 T cells from 
DO11.10 or OTII mice were labeled with CFSE and co-cultured with sorted BMDCs in the presence of different Ag 
concentrations for 5 days. After restimulation with ionomycin and PMA cells were stained with fluorescent labeled 







The strongest proliferation rates of OTII and DO11.10 CD4+ T cells are normally 
achieved using OVA-peptide AA323-339 at concentrations around 500-1000 nM 
(0.89-1.78 µg/ml) [215]. The Ag dose for the presented experiments was limited to a 
concentration of 100000 nM due to the pH buffering capacity of the cell culture 
medium. Higher Ag concentrations resulted in a color change of medium, indicating 
acidic conditions which are not favorable for cell culture experiments. Thus, the Ag 
concentration of 100000 nM was used as starting point for a 1:3 serial dilution down 
to 1.7 nM. To measure the Ag dose dependent proliferative capacity of CD4+ T cells, 
FACS sorted naïve CD4+ T cells from OTII mice were labeled with CFSE and 
stimulated with different Ag concentrations in the presence of BMDCs. It was 
observed that T cell proliferation started at an Ag concentration between 5 to 15 nM, 
reaching the peak of proliferative capacity (84%) between 412 and 1235nM and 
persisted at this level for higher Ag doses (Fig. 10). Therefore the range of Ag 
concentrations from 100000 nM down to 1.7 nM (or 0.2 nM in some experiments) 
fulfills the before defined criteria and was used in the following experiments. The 
same Ag titration experiments performed with DO11.10 cells displayed comparable 
results (data not shown). Cells that were not stimulated with Ag served as controls 
and did not show any proliferation. In the subsequently performed in vitro proliferation 
assays divided CD4+ T cells (as identified by CFSE dilution) that were viable at the 






Fig. 10: Proliferation of OTII cells stimulated with different Ag concentrations. Histograms display the CFSE 
signal from OTII cells, which were co-cultured with BMDCs in the presence of the indicated OVA-peptide AA323-
339 concentrations for five days. With every cell division, the CFSE signal strength is approximately halved. The 
shown percentages indicate the ratio of proliferated live CD4
+
 T cells. 
 
6.1.2 In vitro proliferation assay with OVA-peptide 
6.1.2.1 Comparison of DO11.10 and OTII cells 
Differences in Ag induced Th1/Th2 immune response are described when comparing 
C57BL/6 and BALB/c mice [62]. To investigate whether the animal background 
influences the conducted experiments and in particular Th17 polarization in vitro, the 
proliferation assays were performed in parallel with cells obtained from DO11.10 
(BALB/c background) and OTII (C57BL/6 background) mice. In both transgenic 
mouse strains the TCRs expressed on CD4+ T cells recognize the OVA-peptide 
AA323-339. To mimic the natural setting of Ag uptake and presentation to T cells, 
sorted BMDCs from BALB/c or C57BL/6 mice were pulsed for 3 h with different OVA-
peptide concentrations and subsequently washed with medium. Ag pulsed DCs were 
co-cultured with sorted CFSE-labeled naïve CD4+ T cells isolated from DO11.10 or 




cells were analyzed by FACS for IL-4 (Th2), IL-17 (Th17) and IFNγ (Th1) production 
(Fig. 11). DO11.10 cells showed an induction of Th2 and Th17 cells at low Ag doses 
(5-46 nM), whereas Th1 polarization was detected at slightly higher peptide 
concentrations (15-137 nM). Th1 phenotype represented the dominant T cell subset 
independently of the used Ag concentration. A complete different picture was 
observed in the differentiation of OTII cells. Here, IL-4 and IFNγ were produced at 
medium to high Ag concentrations (416-1235 nM) whereas Th17 polarization was 
detected at very high peptide doses (33333 and 100000 nM). Comparing cells 
derived from both strains, a higher number of IL-4 and IL-17 producing CD4+ T cells 
were detected when cells from OTII mice were used, whereas polarization to IFNγ 
production was observed in higher frequencies when using cells from DO11.10 mice. 
Not only differences in Th induction were observed, but also in relation with 
dependence of Th17 polarization on the Ag dose. CD4+ T cells sorted from DO11.10 
mice differentiated to IL-17 producing cells in the presence of low peptide 
concentrations, whereas OTII cells were only polarized towards the Th17 phenotype 
when stimulated with high Ag doses. This observation pointed to a general difference 






























































































































































































































Fig. 11: Cytokine profiles of DO11.10 and OTII cells from in vitro proliferation assays with OVA-peptide. 
BMDCs were loaded for 3 h with Ag before co-cultured with naïve CD4
+
 T cells for 5 days. Shown is the 
expression of the Th characteristic cytokines IL-4, IL-17 and IFNγ by viable, divided CD4
+
 T cells. Each bar 
represents the mean of three samples plus SEM. n.p.= no proliferation 
 
In the above described experimental setting strongly fluctuating numbers of BMDCs 
per well were observed, suggesting an influence on the outcome of the assays. The 
washing process after the loading of DCs with Ag was identified as one reason for 
fluctuating cell numbers. Thus, the setup was slightly changed to guarantee constant 
and comparable conditions. For the following experiments the Ag was kept in culture 
for the whole incubation time of 5 days. The subsequently obtained results revealed 
T cell proliferation already at 0.6 nM, two dilution steps lower as compared to the 
previous experimental conditions (Fig. 4). The pattern of Th1 and Th2 polarization 
was quite similar between DO11.10 and OTII cells, and showed induction at low to 
medium peptide concentrations. Strikingly, there was a 5-fold and 2-fold increase of 
IL-4 and of IFNγ positive OTII cells, respectively, as compared to the previous 
experimental conditions. This increase was not observed when DO11.10 cells were 
used. The main differences were observed at the level of polarization of Th17 cells. 
The distribution of IL-17 producing OTII cells was comparable to the first method, 
whereas the DO11.10 cells showed a complete different behavior. Two peaks were 




second one at highest Ag concentrations. Remarkable was the detected increase of 
IL-17 positive OTII cells from about 8% to more than 21% in the presence of high 
peptide concentrations. Due to the modification of the experimental setup, not only 
constant starting cell numbers per well were obtained, but also a more homogeneous 
induction pattern of Th1 and Th2 cells for the two mouse strains. The previously 
observed differences in Th17 polarization were preserved. Thus, for all further in vitro 
























































































































































































































Fig. 12: Cytokine profiles of DO11.10 and OTII cells from in vitro proliferation assays with OVA-peptide. 
The Ag was present in the cultures during the whole of 5 days. Shown is the expression of the Th characteristic 
cytokines IL-4, IL-17 and IFNγ by viable and divided CD4
+
 T cells. Each bar represents the mean of three 





6.1.2.2 Th17 inducing conditions 
Beside stimulation strength, the cytokine milieu is a major factor in Th differentiation. 
The effect of Th polarizing cytokines can also be Ag dose dependent. The cytokines 
IL-6 and TGFβ were described to induce Th17 polarization [65]. Therefore, it was 
investigated whether IL-6 and TGFβ influence Ag dose dependent Th17 
differentiation in in vitro proliferation assays. The culture of cells in complete RPMI 
medium without any additional supplements is called “normal condition” and was 
compared to “Th 17 inducing conditions”, which were achieved by the addition of IL-6 
and TGFβ to the cell cultures. The normal condition was included in all experiments 
as internal control, since fluctuations in the percentage of cytokine expressing cells 
were observed between different experiments, whereas the pattern of Th induction at 
different Ag doses was quite constant. 
 
In the set of experiments performed with DO11.10 cells the results for IL-4 and IFNγ 
under normal conditions were comparable to the previous presented results (Fig. 13). 
However, a difference in Th17 polarization was detected under normal conditions, 
since the previously observed low dose peak for IL-17 was absent. Addition of IL-6 
and TGFβ completely blocked the induction of Th2 cells and clearly reduced the Th1 
polarization at all tested peptide concentrations. Regarding IL-17, the low dose peak 
as well as the high dose peak were detected under Th17 inducing conditions, and the 
overall percentage of Th17 cells was increased at all Ag concentrations. 
 
The same set of experiments was performed with sorted naïve CD4+ T cells derived 
from OTII mice (Fig. 14). Under normal conditions Th1 and Th2 cells were induced at 
low to medium Ag doses, whereas cells were polarized towards the Th17 phenotype 
at the highest peptide concentrations. The presence of polarizing cytokines in the 
culture led to almost complete blockage of Th1 and Th2 polarization, and the 
percentage of IL-17 producing cells was strongly increased. Especially at high 
peptide doses high numbers of IL-17 producing cells were observed (i.e. 

























































































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 13: Cytokine profiles of DO11.10 cells from in vitro proliferation assays with OVA-peptide. Naïve CD4
+
 
T cells sorted from DO11.10 mice were cultured under normal and Th17 inducing (IL-6 + TGFβ) conditions. 
Shown is the expression of the Th characteristic cytokines IL-4, IL-17 and IFNγ by viable and divided CD4
+
 T cells 























































































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 14: Cytokine profiles of OTII cells from in vitro proliferation assays with OVA-peptide. Naïve CD4
+
 T 
cells sorted from OTII mice were cultured under normal and Th17 inducing (IL-6 + TGFβ) conditions. Shown is the 
expression of the Th characteristic cytokines IL-4, IL-17 and IFNγ by viable and divided CD4
+
 T cells after 5 days 




6.1.2.3 Neutralization of blocking cytokines 
Published studies demonstrated that the Th polarization is not only affected by IL-6 
and TGFβ but also by IL-2, IFNγ and IL-4 (see sections 2.1.3 and 2.1.4). To study the 
effect of these three cytokines on Th polarization in combination with different Ag 
doses, neutralizing Abs against IL-2 (αIL-2), IL-4 (αIL-4) and IFNγ (αIFNγ) were 
added to the cultures, either alone or in combinations. The experiments were 
performed in parallel with cells sorted from DO11.10 and OTII mice. 
 
The addition of αIL-2 to DO11.10 cells led to a reduction of IL-4 producing cells, as 
compared to standard conditions (Fig. 15). In contrast, neutralizing Abs against IFNγ 
led to increased Th2 polarization at very low peptide concentrations. However, this 
increase was not observed when αIFNγ was added in combination with αIL-4 or αIL-2 
and αIL-4. Instead, these combinations led to a reduced percentage of IL-4 positive 
cells. In assays with OTII cells, Th2 induction was observed at high peptide 
concentrations (Fig. 16). The neutralization of secreted IL-2, either alone or in 
combination with αIL-4 and αIFNγ, completely blocked Th2 polarization. As compared 
to DO11.10 cells, only a small increase in Th2 cell frequencies was detected when 


































































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 15: IL-4 production of DO11.10 cells in the presence of different neutralizing Abs. Shown is the 
expression of the Th2 characteristic cytokine IL-4 by viable and divided CD4
+
 T cells stimulated with OVA-peptide 
under standard culture conditions or in the presence of blocking Abs against IL-2, IL-4 and IFNγ alone or in 






















































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 16: IL-4 production of OTII cells in the presence of different neutralizing Abs. Shown is the expression 
of the Th2 characteristic cytokine IL-4 by viable and divided CD4
+
 T cells stimulated with OVA-peptide under 
standard culture conditions or in the presence of blocking Abs against IL-2, IL-4 and IFNγ alone or in 




The polarization towards the Th17 phenotype in DO11.10 was positively influenced 
by the addition of neutralizing Abs, especially in the presence of αIFNγ (Fig. 17).The 
combinations of two or all three Abs led to a huge increase of IL-17 producing cells. 
The strongest increase was observed at high peptide concentrations. Due to this 
dose dependent increase of Th17 polarization, the peak of IL-17 producing cells 
which was observed under normal conditions at low doses, was less characteristic 
under neutralizing conditions. Also in the experiments performed with OTII cells, the 
addition of neutralizing Abs influenced Th17 induction (Fig. 18). As in all previous 
presented experiments with OTII cells, Th17 polarization was exclusively detected at 
high Ag doses. In the experiments with neutralizing Abs, only the addition of αIL-2 
alone or in combination with αIL-4 and αIFNγ led to an almost 3-fold increase of IL-17 
producing cells in the presence of high peptide concentrations. 
  
Th1 cells were detected in DO11.10 mice at relatively low Ag concentrations (Fig. 
19). The addition of αIL-2, the combination of αIL-4 and αIFNγ and especially the 
addition of all three Abs blocked the induction of IFNγ producing cells. In experiments 
performed with OTII cells a Th1 induction was observed at medium Ag doses (Fig. 
20). The combined neutralization of IL-4 and IFNγ led to a 50% decrease of IFNγ 
producing cells. However, the strongest effect was observed by adding αIL-2 or the 
combination of all three neutralizing Abs. Under these conditions OTII cells were 


























































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 17: IL-17 production of DO11.10 cells in the presence of different neutralizing Abs. Shown is the 
expression of the Th17 characteristic cytokine IL-17 by viable and divided CD4
+
 T cells stimulated with OVA-
peptide under standard culture conditions or in the presence of blocking Abs against IL-2, IL-4 and IFNγ alone or 









































































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 18: IL-17 production of OTII cells in the presence of different neutralizing Abs. Shown is the expression 
of the Th17 characteristic cytokine IL-17 by viable and divided CD4
+
 T cells stimulated with OVA-peptide under 
standard culture conditions or in the presence of blocking Abs against IL-2, IL-4 and IFNγ alone or in 
































































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 19: IFNγ production of DO11.10 cells in the presence of different neutralizing Abs. Shown is the 
expression of the Th1 characteristic cytokine IFNγ by viable and divided CD4
+
 T cells stimulated with OVA-
peptide under standard culture conditions or in the presence of blocking Abs against IL-2, IL-4 and IFNγ alone or 








































































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 20: IFNγ production of OTII cells in the presence of different neutralizing Abs. Shown is the expression 
of the Th1 characteristic cytokine IFNγ by viable and divided CD4
+
 T cells stimulated with OVA-peptide under 
standard culture conditions or in the presence of blocking Abs against IL-2, IL-4 and IFNγ alone or in 




In conclusion, for both mouse strains the strongest effects on Th polarization were 
observed when all three neutralizing Abs were added together to the in vitro 
proliferation assays. The induction of Th17 cells was strongly increased, whereas 
Th1 and Th2 subsets were almost absent in the presence of the combined 
neutralizing Abs. 
 
6.1.2.4 Combination of Th17 inducing conditions and neutralization Abs 
The previous results raised a new question, namely, whether Th17 induction follows 
the same Ag dose dependent pattern under highly polarizing conditions as observed 
before. Thus, in the following experiments cells obtained from DO11.10 and OTII 
mice were cultured under conditions in which combinations of all three neutralizing 
Abs together with Th17 polarizing cytokines were evaluated. 
 
In assays performed with DO11.10 cells under normal conditions, an induction of IL-4 
producing cells was observed at the lowest Ag dose and at high Ag dose (Fig. 21). 
Highest numbers of IL-17 producing cells were detected at the quite low peptide 
concentration of 15 nM, whereas the induction of Th1 cells was observed at medium 
Ag dosages. The combination of Th17 culture conditions and the addition of 
neutralizing Abs almost completely blocked Th1 and Th2 differentiation and only few 
IL-4 producing cells were present in samples with the lowest Ag concentrations. The 
detection of Th17 cells was considerably increased at Ag doses of 416 nM and 
higher, resulting in more than 40% of Th17 cells at the two highest peptide 
concentrations. However, this increase was not observed at low Ag doses. In fact, 
the low dose peak of Th17 cells, which was observed in the previous experiments 
with DO11.10 mice under Th17 inducing conditions or addition of neutralizing Abs 




























































































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 21: Cytokine profiles of DO11.10 cells under Th17 polarizing conditions in the presence of 
neutralizing Abs. Shown are the Th cytokine profiles of viable and divided CD4
+
 DO11.10 cells from in vitro 
proliferation assays with different OVA-peptide doses. Cells were either cultured under normal conditions or under 
Th17 inducing conditions in the presence of neutralizing Abs against IL-2, IL-4 and IFNγ. Each bar represents the 
mean of three samples plus SEM. n.p.= no proliferation. 
 
Proliferation assays with OTII cells were performed under the same conditions as for 
DO11.10 cells. Under normal conditions, the differentiation towards Th2 cells was 
very weak with less than 0.5% of CD4+ T cells producing IL-4 (Fig. 22). IL-17 
producing cells were instead detected in high numbers with rising Ag dose, with a 
clear trend of Th17 induction at highest Ag doses. High numbers of Th1 cells were 
present in the samples stimulated with medium peptide concentrations (i.e. around 
137 nM). Surprisingly, addition of neutralizing Abs under Th17 inducing conditions 
resulted in an increase of Th2 polarization at the lowest Ag doses. In this context, it 
has to be stated that the general level of IL-4 producing cells was quite low as 
compared to previous experiments. As expected, these culture conditions boosted 
polarization of IL-17 producing cells starting from 416 nM OVA-peptide, where a 
maximum of 60% Th17 polarization was reached. In contrast, Th1 cells were almost 






To conclude, in both TCR transgenic mouse strains the combination of Th17 inducing 
conditions and neutralizing Abs led to further increased Th17 polarization, especially 
at high Ag concentrations. Under these highly Th17 polarizing conditions, the low 
























































































































































































































Conc. of OVA-peptide (AA323-339) [nM]
 
Fig. 22: Cytokine profiles of OTII cells under Th17 polarizing conditions in the presence of neutralizing 
Abs. Shown are the Th cytokine profiles of viable and divided CD4
+
 OTII cells from in vitro proliferation assays 
with different OVA-peptide doses. Cells were either cultured under normal conditions or under Th17 inducing 
conditions in the presence of neutralizing Abs against IL-2, IL-4 and IFNγ. Each bar represents the mean of three 




6.1.2.5 Neutralization of IFNβ 
Published studies demonstrated that also type 1 IFNs can influence Th differentiation 
(see sections 2.1.3 and 2.1.4). Application of IFNβ is a common treatment of MS in 
humans [216], and was reported to reduce IL-17 levels in the EAE mouse model 
[217]. Thus, the effect of IFNβ on antigen dose dependent Th polarization was 
investigated by the addition of neutralizing Ab to the established in vitro proliferation 
assays with TCR transgenic CD4+ T cells. The experiments were carried out with 
DO11.10 cells under normal and Th17 inducing conditions. 
 
The highest numbers of Th2 cells were detected under normal culture conditions at 
peptide concentrations around 5 nM and the abundance of the IL-4 producing cells 
was halved by IFNβ neutralization in the cultures (Fig. 23). Th17 inducing culture 
conditions resulted in an almost complete blockage of the Th2 phenotype, regardless 

















































































































































Fig. 23: IL-4 production of DO11.10 cells in the presence of αIFNβ under normal and Th17 inducing 
conditions. Shown is the expression of the Th2 characteristic cytokine IL-4 by viable and divided CD4
+
 T cells 
stimulated with OVA-peptide under standard or Th17 inducing culture conditions or in the presence of blocking 





IL-17 producing cells were induced under normal conditions at high and very high 
peptide concentrations. Neutralization of IFNβ resulted in no significant changes with 
respect to the polarization towards Th17 phenotype (Fig. 24). Worth to mention is the 
lack of the low dose Th17 peak in this experiment performed under normal 
conditions. The addition of IL-6 and TGFβ increased the induction of IL-17 producing 
cells at very low, high and especially at very high peptide concentrations. Under 
these Th17 inducing conditions, the low dose Th17 peak was restored. However, 
also under these experimental conditions the addition of neutralizing Abs did not 














































































































































Fig. 24: IL-17 production of DO11.10 cells in the presence of αIFNβ under normal and Th17 inducing 
conditions. Shown is the expression of the Th17 characteristic cytokine IL-17 by viable and divided CD4
+
 T cells 
stimulated with OVA-peptide under standard or Th17 inducing culture conditions or in the presence of blocking 
Abs against IFNβ. Each bar represents the mean of three samples plus SEM. n.p.= no proliferation. 
 
The induction of Th1 cells was highest at lower Ag doses around 5 nM (Fig. 25). As 
observed in the previous experiments, Th17 inducing conditions blocked Th1 
polarization. In this experiment the abundance of IFNγ producing cells was reduced 
by the factor 5. Addition of αIFNβ Ab did not influence Th1 polarization, neither under 





Another way to visualize the results from this experiment is presented in Fig. 26. 
Here, instead of displaying the percentages of the viable and divided CD4+ T cells 
that produce Th cytokines, the fraction of Th subsets for each Ag concentration was 
calculated. This representation of the data clearly demonstrated the dominance of 
Th17 cells at high and very high peptide concentrations under all performed culture 
conditions. As shown before, the increased induction of IL-17 producing cells at low 
Ag doses also resulted in a regime shift of Th subsets (see the two lower panels of 









































































































































Fig. 25: IFNγ production of DO11.10 cells in the presence of αIFNβ under normal and Th17 inducing 
conditions. Shown is the expression of the Th1 characteristic cytokine IFNγ by viable and divided CD4
+
 T cells 
stimulated with OVA-peptide under standard or Th17 inducing culture conditions or in the presence of blocking 






















































































































































Fig. 26: Fractions of Th subsets under normal or Th17 inducing conditions in the presence of αIFNβ. For 
each peptide concentration the fractions of Th subsets from mean values of measured Th cytokine producing 
cells were calculated. Mean values were calculated from three samples. n.p.= no proliferation. 
 
Taken together, the obtained results demonstrated that neutralization of IFNβ did not 
result in changes of Th polarization at all tested Ag concentrations and culture 
conditions, as observed by consistent production of IL-4, IL-17 and IFNγ by CD4+ T 
cells. 
 
6.1.2.6 Influence of DC to T cell ratio 
The strength of stimulation is not only determined by the concentration of Ag, but 
also the number of DCs in the assay could have an effect on Th polarization. This 
effect is explained by differences in the available number of MHC class II molecules 
loaded with the Ag, as well as the degree of co-stimulation to T cells. Thus, the 
influence of the ratio between DCs and T cells on Ag dose dependent Th polarization 
was investigated by adding different amounts of sorted BMDCs to the in vitro 
proliferation assays. In all the experiments presented before the ratio between DCs 
and TCs was 1 to 10. Addition of less DCs per well resulted in a dramatic reduction 




proliferated nor differentiated towards Th cells. An enhanced DC number led to 
slightly increased T cell proliferation and Th cytokine secretion. In the following 
experiments with OTII cells, the amount of DCs was increased by the factor 2 or 4 
and compared to the standard ratio of 1 to 10 under both normal and Th17 inducing 
conditions. 
 
The number of Th2 cells under normal conditions was very high as compared to 
previous experiments and a peak at 137 nM of OVA-peptide at the 1 to 10 ratio (Fig. 
27). With increasing numbers of DCs in the culture, the polarization to Th2 phenotype 
was further increased, and the induction peak shifted to lower Ag concentrations. 
Th17 inducing conditions blocked the appearance of IL-4 producing cells almost 
completely at all DC to T cell ratios. Th17 polarization was induced at highest Ag 
concentrations under normal conditions (Fig. 28). The addition of more DCs to the 
culture clearly increased the percentage of IL-17 producing cells and shifted the start 
of Th17 induction to lower peptide concentrations. Under Th17 inducing conditions 
the percentage of Th17 cells multiplied by 4 at the 1 to 10 ratio and the induction 
started already at medium Ag doses and reached a maximum at higher Ag doses. 
The increase of DCs under these conditions did not change the Th17 profile. IFNγ 
producing cells were detected especially at medium doses around 46 nM under 
normal conditions (Fig. 29). In contrast to Th2 and Th17 cells, the dose dependent 
peak of Th1 cells was not shifted by the increased frequency of DCs in the culture. 
However, the percentage of Th1 cells was decreased when more DCs were present. 
As expected, the addition of Th17 polarizing cytokines blocked the induction of IFNγ 
producing cells. The different DC to T cell ratios did not influence this effect. 
 
To summarize, the addition of higher DCs numbers to the cultures increased Th2 and 
Th17 induction under normal culture conditions but not when Th17 polarizing 







































































































































































































Fig. 27: IL-4 production of OTII cells cultured with DCs at different ratios. Shown is the expression of the 
Th2 characteristic cytokine IL-4 by viable and divided CD4
+
 T cells stimulated with OVA-peptide under standard or 
Th17 inducing culture conditions at DC to T cell ratios of 1 to 10, 1 to 5 or 1 to 2.5. Each bar represents the mean 
of three samples plus SEM. n.p.= no proliferation. 
 






































































































































































































Fig. 28: IL-17 production of OTII cells cultured with DCs at different ratios. Shown is the expression of the 
Th17 characteristic cytokine IL-17 by viable and divided CD4
+
 T cells stimulated with OVA-peptide under standard 
or Th17 inducing culture conditions at DC to T cell ratios of 1 to 10, 1 to 5 or 1 to 2.5. Each bar represents the 












































































































































































































Fig. 29: IFNγ production of OTII cells cultured with DCs at different ratios. Shown is the expression of the 
Th1 characteristic cytokine IFNγ by viable and divided CD4
+
 T cells stimulated with OVA-peptide under standard 
or Th17 inducing culture conditions at DC to T cell ratios of 1 to 10, 1 to 5 or 1 to 2.5. Each bar represents the 
mean of three samples plus SEM. n.p.= no proliferation. 
 
6.1.3 In vitro proliferation assay with HA-peptide 
In the majority of the presented experiments a difference between DO11.10 and OTII 
mice in the Ag dose dependent Th17 induction was observed. DO11.10 cells 
displayed Th17 polarization either at very low Ag doses or at very low and very high 
doses, whereas cells from OTII mice were polarized towards Th17 phenotype only in 
the presence of high and very high Ag doses. They never differentiated in significant 
numbers to IL-17 producing cells at very low or low peptide concentrations. The 
following experiments were performed to reveal the reason for this unexpected 
difference between the two mouse strains. As a first step the Ag dose dependent 
induction of Th cells was investigated in a third strain, to compare if the results 
resemble either DO11.10 or OTII animals. For this experiment the TCR-HA 
transgenic mouse strain on BALB/c background featuring CD4+ T cells specific for 
the HA-peptide AA110-120 from influenza virus PR8 was chosen. To assure similar 
conditions as in the proliferation assays presented before, the same sorting 




was observed at low and medium Ag doses and the addition of Th17 polarizing 
cytokines resulted in decreased IL-4 producing cells (Fig. 30). Polarization towards 
Th17 cells was detected at very low and low peptide concentrations. A 3-fold 
increase was observed under Th17 inducing conditions at these Ag doses. Th1 cells 
were present in all samples at comparable amounts (between 6 and 9%), with the 
highest values at 100000 nM of the Ag. Th17 polarizing conditions again reduced the 
induction of IFNγ producing cells at all Ag doses, especially at high concentrations. 
 
In summary, the cytokine profiles were more similar to those from DO11.10 cells than 
to those of OTII cells. The effect of Th17 inducing conditions on IL-17 producing cells 
in TCR-HA transgenic mice was also more comparable with the results obtained 
using DO11.10 cells. Interestingly, the blocking effect of Th17 polarizing cytokines on 
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Fig. 30: Cytokine profiles of TCR-HA cells under normal and Th17 polarizing conditions Shown are the Th 
cytokine profiles of viable and divided CD4
+
 TCR-HA cells from in vitro proliferation assays with different HA-
peptide doses. Cells were either cultured under normal conditions or under Th17 inducing conditions. Each bar 





6.1.4 Studies with FITC-labeled OVA-peptides 
One possible explanation for the observed differences in Ag dose dependent Th17 
polarization is related to differences in the MHC class II haplotype on DCs obtained 
from BALB/c mice expressing MHC H2d or C57BL/6 mice expressing MHC H2b. In 
fact, the two MHC haplotypes could differ in their affinity to the used peptides, leading 
to differences in the loading of MHC class II molecules. This can in turn result in 
different numbers and densities of presented epitopes on DCs, thereby influencing 
the Ag concentration made available for T cells and subsequently leading to different 
Th polarizations. To measure the amount of presented OVA-peptide on DCs from 
either BALB/c or C57BL/6 mice, the peptide was labeled with a fluorochrome. To this 
end, the OVA-peptide AA323-339 was synthesized with a so-called “spacer”, a 
sequence of seven amino acids at the N-terminus that sticks out of the MHC class II 
binding grove for peptides. The Serine in the spacer was synthesized as D-isomer to 
prevent cleavage by proteases. To the N-terminus of the spacer a molecule of the 
fluorescent organic compound fluorescein (FITC) was linked. For more detailed 
information and the complete structure see section 4.4. To check if the modification 
of the peptide is affecting the biological activity, the induction of proliferation in 
DO11.10 and OTII cells was compared to the unlabeled peptide. For the in vitro 
proliferation assay a peptide concentration inducing maximal T cell proliferation was 
used (500 nM). Both peptides induced comparable proliferation in DO11.10 and OTII 
cells, thereby proving that the labeling did not influence the biological activity of the 
peptide (Fig. 31). 
 
To investigate whether the binding affinity to the OVA-peptide is different, peptide 
loading experiments with BMDCs derived from BALB/c and C57BL/6 mice were 
performed. For each peptide concentration, 5x105 sorted BMDCs from each mouse 
strains were loaded for 3 h and subsequently washed 3 times to remove the peptide 






Fig. 31: Biological activity of FITC-labeled OVA-peptide. The FITC-labeled OVA-peptide AA323-339 was 
compared to the unlabeled peptide at a concentration of 500 nM. The proliferation of sorted DO11.10 and OTII 
naïve CD4
+
 T cells was accessed by measuring the dilution of the CFSE signal. Cells were gated on viability and 
CD4
+
. Each panel shows the percentage of proliferated cells in a representative out of three independent 
samples. 
 
The obtained results revealed a high percentage of FITC positive CD11c+ MHCII+ 
cells for peptide concentrations starting from 412 nM up to maximal Ag dose in both 
cell types (Fig. 32). At lower peptide concentrations differences in the percentage of 
loaded DCs were observed in two independent experiments. In the presented 
experiment peptide loaded DCs derived from C57BL/6 mice (MHC H2b) were 
detected in higher frequencies than peptide loaded DCs derived from BALB/c mice 
(MHC H2d). In the second experiment a higher percentage of loading at low Ag doses 
was observed in DCs derived from BALB/c mice (data not shown). A possible reason 
for the observed differences might be the limited number of samples. Due to the 
huge amount of needed DCs, only one sample per Ag concentration for each mouse 
strain was prepared. However, in another experiment with less Ag doses but three 
replicates per condition no differences between the DCs of the two mouse strains 
were observed at low peptide concentrations (see left panel of Fig. 33). This 
suggests that the affinities MHC H2d and MHC H2b molecules to OVA-peptide 
AA323-339 do not differ. These results rule out that differences in affinity could be 
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Fig. 32: Loading of FITC-labeled OVA-peptide on BMDCs from BALB/c and C57BL/6 mice. The left panel 
shows the percentage of CD11c+ MHCII+ cells positive for the FITC-labeled peptide. The right panel shows the 
median fluorescent intensity (MFI) of FITC from loaded DCs. 
 
6.1.5 Studies with mutated OVA-peptides 
In parallel to the previously described experiments with FITC-labeled OVA-peptide 
AA323-339, peptides with a changed amino acid sequence were synthesized and 
also labeled with FITC linked to a spacer. The mutated peptides were used to 
investigate the possibility that differences in TCR affinity to the Ag might be 
responsible for the observed variations in Th17 polarization. All CD4+ T cells within 
one TCR transgenic mouse strain display exactly the same TCR with invariant affinity 
to the specific peptide. Thus, differences in TCRs in DO11.10 and OTII animals may 
influence the affinity to the OVA-peptide AA323-339. X-ray crystallography 
experiments revealed the anchor positions of MHC class II and TCR binding to the 
OVA-peptide AA323-339 [215]. These amino acids are crucial for the peptide binding 
and an exchange against different amino acids prevents proliferation of DO11.10 and 
OTII cells. In a study by Sette et al. [218] every single amino acid of OVA-peptide 
AA323-339 was exchanged one by one with alanine and the resulting proliferation of 
DO11.10 and OTII cells was measured. The exchange at position 335 led to 
decreased proliferation of DO11.10 cells, whereas OTII cells kept the same 
proliferation pattern. The opposite effect was observed when exchanging amino acid 
336 with alanine. These two mutated OVA-peptides, called in the following “335A” 
and “336A”, were used for further experiments in this work. Since the structural effect 
resulting from exchanging asparagine in position 335 or glutamic acid in position 336 




less severe structural changes were expected. Namely, the peptide “335Q”, in which 
asparagine was exchanged with glutamine, and the peptide “336D”, where glutamic 
acid was exchanged with aspartic acid, were designed. 
 
The loading efficiency of these altered peptides at different concentrations on 
BMDCs derived from BALB/c and C57BL/6 mice was then analyzed. No significant 
differences in the loading with any of the used peptides were observed independently 
of the mouse strain (Fig. 33). However, a trend of less efficient loading of BALB/c 
cells with “335Q” and “336A” was detected. As compared to the normal wild type 
peptide, especially peptides “335A” and “336D” were loaded less frequently to the 
DCs at low and medium concentrations. 
 
In vitro proliferation assays with the mutated peptides revealed their strongly 
impaired biological activities. AA335 mutated peptides showed a 1000 fold 
decreased capacity to induce proliferation of DO11.10 cells, whereas AA336 altered 
peptides completely failed to induce robust proliferation of OTII cells at all tested 
concentrations (data not shown). Due to the impaired proliferation a Th differentiation 
was also not achieved, and it was thus not analyzed. 
 
The performed experiments did not answer the question if differences in TCR affinity 
to the OVA-peptide are responsible for the observed differences in Th polarization. 
However, these results highlighted the importance of TCR affinity, since the influence 
























































































Fig. 33: Loading of FITC-labeled sequence mutated OVA-peptides on BMDCs. The percentage of CD11c+ 
MHCII+ cells from BALB/c or C57BL/6 mice positive for the indicated FITC-labeled peptide is shown. Each bar 
represents the mean of three samples plus SEM. 
 
6.1.6 In vitro proliferation assay with αCD3 antibody 
Another approach to study Th polarization is the stimulation of T cells with αCD3 and 
αCD28 Abs, which is independent of the TCR affinity to the Ag. The αCD3 Ab binds 
to the CD3 molecules of the TCR complex and triggers the activation signal cascade. 
The secondary signal necessary for full T cell activation is provided by αCD28 Ab 
binding to CD28 on the T cell. Since this method is not dependent on the specificity 
of TCR to Ag, it is possible to stimulate T cells from wild type mice and thus to study 
stimulation strength dependent Th polarization. To provide the necessary cell to cell 
contact to the T cells in this system, BMDCs were added to the cultures at a ratio of 1 
to 10. Analogous to the peptide based stimulation described before, the αCD3 Ab 
concentration inducing T cell proliferation had to be defined. Proliferation started at a 
αCD3 Ab concentration of 0.06 µg/ml, and reached a maximum at 1-2 µg/ml (data 
not shown). For the following in vitro proliferation assays 1:2 serial dilutions of αCD3 
Ab were performed, ranging from 0.06 to 32 µg/ml. The highest proliferation rates 
were achieved by the addition of 2 µg/ml of αCD28 Ab and were then applied 




Sorted naïve CD4+ T cells from BALB/c mice were polarized towards a Th2 
phenotype at medium and especially at high αCD3 Ab concentrations under normal 
culture conditions (Fig. 34). Th17 inducing conditions almost completely blocked the 
induction of IL-4 producing cells. IL-17 producing cells were induced at the lowest Ab 
concentrations and the overall percentage of IL-17 positive cells was increased under 
Th17 polarizing conditions. For Th1 cells no real polarization peak was observed, 
IFNγ producing cells were present in all samples with comparable abundances. Also 
under Th17 inducing conditions Th1 cells were detected in all samples, but only in 
50% decreased levels as compared to the normal culture conditions. The induced 
Th17 pattern resembles the Ag dose dependent Th17 polarization observed in cells 
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Fig. 34: Cytokine profiles of BALB/c cells under normal and Th17 polarizing conditions following Ag-
independent stimulation The Th cytokine profiles of viable and divided CD4
+
 BALB/c cells from in vitro 
proliferation assays with different αCD3 Ab concentrations are shown. Cells were either cultured under normal 
conditions or under Th17 inducing conditions in the presence of 2 µg/ml αCD28 Ab. Each bar represents the 
mean of three samples plus SEM. 
 
Cells from C57BL/6 mice differentiated into a Th2 phenotype at very low and very 
high stimulus under normal culture conditions (Fig. 35). Th17 inducing conditions 




producing cells above 0.5% were detected. As already observed for proliferation 
assays with BALB/c cells, the induction of Th17 cells occurred at low αCD3 Ab doses 
and was strongly increased under Th17 inducing conditions. IFNγ producing cells 
were induced at high concentrations and, surprisingly, this induction was increased 
under Th17 polarizing conditions. Similar to the results obtained with BALB/c cells, 
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Fig. 35: Cytokine profiles of C57BL/6 cells under normal and Th17 polarizing conditions following Ag-
independent stimulation The Th cytokine profiles of viable and divided CD4
+
 C57BL/6 cells from in vitro 
proliferation assays with different αCD3 Ab concentrations are shown. Cells were either cultured under normal 
conditions or under Th17 inducing conditions in the presence of 2 µg/ml αCD28 Ab. Each bar represents the 
mean of three samples plus SEM. 
 
As a next step, Ag-independent Th polarization of cells obtained from TCR 
transgenic and wild type animals was compared. To this end, sorted naïve CD4+ T 
cells from OTII animals were stimulated with αCD3 and αCD28 in the presence of 
C57BL/6 BMDCs. Only weak polarization towards Th2 phenotype was observed 
under normal culture conditions with two maximums at lowest and at high dose of 
αCD3 Ab (Fig. 36). Th17 cells were detected especially at low doses but the 




performed with OVA-peptide. The induction of Th1 cells was observed at high 
stimulus concentrations. An unexpected result was the strong increase of Th1 and 
Th2 induction under Th17 polarizing conditions. Th1 cells peaked at very high Ab 
doses, whereas Th2 cells had a maximum at 4 µg/ml of αCD3 Ab. Also the 
polarization to IL-17 producing cells was increased. At a concentration of 0.06 µg/ml 
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Fig. 36: Cytokine profiles of OTII cells under normal and Th17 polarizing conditions following Ag-
independent stimulation The Th cytokine profiles of viable and divided CD4
+
 OTII cells from in vitro proliferation 
assays with different αCD3 Ab concentrations are shown. Cells were either cultured under normal conditions or 
under Th17 inducing conditions in the presence of 2 µg/ml αCD28 Ab. Each bar represents the mean of three 
samples plus SEM. 
 
These experiments clearly demonstrated an induction of Th17 cells by low strength 
stimulation in wild type mice as well as in TCR transgenic OTII animals. Thus, it can 
be hypothethized that the observed absence of Th17 polarization when OTII cells 
were stimulated with low doses of the OVA-peptide AA323-339 can be explained, at 





6.1.7 Adoptive transfer of TCR transgenic T cells to wild type recipient mice 
For studying Ag dose dependent Th polarization of OTII cells in a more natural 
setting, adoptive transfer experiments were performed. To identify the transferred 
TCR transgenic cells in the wild type C57BL/6 host, Thy1.1xOTII mice were used as 
donors. Thy1.1 (or CD90.1) is a so-called congenic marker. Wild type mouse strains 
express the “normal” Thy1.2 molecule, which differs slightly from Thy1.1 in structure 
but not in function. Non cross-reactive monoclonal Abs against each form of Thy1 are 
available and can be used to distinguish transferred from host cells. Naïve CD4+ T 
cells from Thy1.1xOTII double transgenic animals were sorted by FACS and labeled 
with CFSE. Cells were injected in the tail vein of each C57BL/6 recipient mouse. The 
next day, mice were immunized with 25µg OVA and 100µg Curdlan intra footpad. 
The draining lymph node of the foot pad is the popliteal lymph node (pLN) which is 
located at the hollow of the knee. To define the ideal time point after injection to 
measure proliferation and Th differentiation of transferred cells, three different time 
points were tested (1, 2 and 3 days post immunization). The pLNs from animals 
collected on day two and three were clearly larger than the pLNs from negative 
control mice and mice analyzed 1 day post immunization. Single cell suspensions 
from pLNs and spleens were stained with FACS Abs for viability, CD4, Thy1.1, IL-4, 
IL-17 and IFNγ. 
 
The recovered fractions of transferred cells in the host animals were quite constant 
between day 1 and 2 post immunization in pLNs and spleen (Fig. 37). A huge 
increase of transferred cells was observed in pLNs as well as in the spleens after 3 
days. The proliferation of transferred cells was measured by CFSE dilution and is 
shown as histograms in Fig. 37. After one day no divided cells were found in pLNs or 
spleen. Proliferation started at day 2 in the draining LNs and one day later almost all 
transferred cells detected in pLNs and spleen were activated and divided. To 
determine the induced Th phenotype of the divided cells, their cytokine profiles were 
analyzed. Cells from pLNs on day 2 did not produce cytokines (data not shown) and 
on day 3 cytokines were only detected in the cells isolated from pLNs (Fig. 38). 
Mainly Th17 and Th2 cells were induced by immunization, whereas IFNγ positive 






Fig. 37: Time kinetics of T cell proliferation after adoptive transfer. The dot plots show the population of 
adoptively transferred Thy1.1xOTII cells in pLNs or spleen at indicated time points after intra footpad 
immunization with 25 µg OVA and 100 µg Curdlan. Histograms show the proliferation of transferred cells, as 
measured by CFSE dilution. Data for each day are from one mouse representative for the group. 
 
 
Fig. 38: Cytokine profiles of adoptively transferred cells. Shown is the production of IL-4, IL-17 and IFNγ by 
adoptively transferred Thy1.1xOTII cells isolated from pLNs or spleen 3 days post intra footpad immunization with 




Following these results, nine groups of three C57BL/6 mice were immunized for 3 
days with different concentrations of OVA co-administered with Curdlan by intra 
footpad injection after adoptive transfer of CFSE-labeled naïve CD4+ Thy1.1xOTII 
cells. Negative control animals received PBS. To compare the groups, the 
percentage of transferred cells isolated from recipient pLNs were analyzed and 
investigated with respect to their proliferative capacity (Fig. 39). In the PBS group, 
the adjuvant control group, and the two groups with either lowest or highest Ag dose 
in combination with Curdlan only small populations (<0.3%) of transferred cells were 
detected. In the OVA control group and all intermediate Ag dose groups comparable 
populations of transferred cells were observed. However, between the single animals 
in some cases big differences in the percentage of transferred cells were observed; 
especially in the 1 µg OVA and Curdlan group. The proliferation rates of transferred 
cells rose with the applied Ag dose and reached a maximum beginning with 25 µg of 
OVA (almost 100%). An influence of the adjuvant on proliferation was not observed, 

































































































































































 T cells in pLNs from animals which were immunized with different doses of OVA + Curdlan after 




 Thy1.1xOTII cells 4 days before. Right panel shows the proliferation of 
these cells measured by CFSE dilution. Every animal of each group (n = 3) was analyzed separately and the 
mean plus SD is shown.  
 
Th cytokine profiles of proliferated transferred cells were analyzed utilizing the 
established cytokine FACS panel. In the PBS and Curdlan control group no cytokine 
producing cells were detected, whereas some positive cells for each cytokine were 
found in the OVA control group (Fig. 40). IL-4 production was observed at all Ag 




5 µg OVA and Curdlan higher percentages of IL-4 producing cells were found. The 
strongest polarization toward Th17 was detected in mice immunized with the lowest 
Ag dose. Immunization with 25 µg and 125 µg OVA resulted in the induction of 
intermediate Th17 responses, whereas 5 µg OVA resulted in low frequencies of IL-17 
producing cells. The complete opposite picture was observed when looking on Th1 
cells. A clear increase of IFNγ producing cells was detected in groups immunized 
with the two highest OVA doses, as compared to lower Ag doses. 
 
However, the analysis of cytokine profiles showed strong variations between animals, 
leading to high standard deviations. This explains that the observed differences in IL-
17 production were not statistically significant, despite the fact that the observed 
trend suggests a stronger Th17 polarization at the lowest Ag dose. This trend would 
contradict the observations from in vitro experiments using OVA-peptide for 
stimulation of OTII cells. However, it would be in agreement with the Ag-independent 
stimulation of OTII cells by αCD3 Ab, which led to Th17 induction when low Ab 
concentrations were used. Further, it is possible that in vivo and in vitro conditions 



















































































































































































































Fig. 40: Cytokine profiles of adoptively transferred Thy1.1xOTII cells. Production of IL-4, IL-17 and IFNγ by 
viable and divided adoptively transferred CD4
+
 Thy1.1xOTII cells, isolated from pLNs 3 days post intra footpad 
immunization with different doses of OVA and 100 µg Curdlan is shown. Every animal of each group was 




6.1.8 Immunization studies with different dosages of OVA-protein  
The presented in vitro studies together with the in vivo passive transfer experiments 
strongly suggested that under natural conditions a Th17 immune response is elicited 
by low Ag doses. To validate these observations, the influence of Ag dose on Th 
polarization in vivo was evaluated (Fig. 41). Groups of three or five C57BL/6 animals 
were immunized by either i.p. or s.c. route with different dosages of OVA-protein and 
20 or 25 µg of LPS on day 0 and boosted on day 14 and day 21. At day 42 
splenocytes were analyzed with respect to cytokine secreting cells and proliferative 
capacity by ELISpot and 3H-thymidin incorporation assays. In parallel to the titration 
of the OVA-protein, also a titration of LPS at constant OVA concentration of 25 µg 
per animal was performed in the i.p. immunization. A dose of 25 µg of OVA per 
animal are routinely used to induce a robust immune response against the Ag and 
will be regarded as “standard dose” in the following. 
 
 
Fig. 41: Schematic illustration of the immunization strategy. Mice were immunized either by i.p or s.c. route 
with varying doses of OVA+LPS. The animals were boosted with the same OVA+LPS combination on day 14 and 
21. After a total of 42 days, mice were sacrificed and spleens were isolated for read out of the immune response, 
which was measured by performing ELISpot analysis and 
3







As expected, in the groups immunized with PBS or LPS alone, only few IL-17 
secreting cells were detected after restimulation with OVA (Fig. 42). The lowest Ag 
dose only resulted in a weak Th17 immune response, whereas the immunization with 
1 µg of OVA led to significantly increased IL-17 responses as compared to the 
standard dose or even higher Ag concentrations. Titration of the co-administered 
LPS dose revealed a decreased number of Th17 cells when lowering the LPS 
dosage under 25 µg per animal. An increase of the LPS dose instead resulted in a 
significant higher number of IL-17 producing cells, as compared to standard 
immunization conditions. The groups immunized with OVA and LPS displayed an 
increased Ag specific proliferation, as compared to the negative control groups (Fig. 
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Fig. 42: IL-17 response of splenocytes after i.p. immunization with OVA+LPS. C57BL/6 mice were 
immunized three times with varying doses OVA+LPS by i.p. route. Spleens were pooled and IL-17 ELISpot 
assays were performed on OVA restimulated cells. Each bar represents the mean of five wells plus SEM; 






















































































Fig. 43: Proliferation of splenocytes after i.p. immunization with OVA+LPS. C57BL/6 mice were immunized 
three times with varying doses OVA+LPS i.p.. Spleens were pooled and a 
3
H-Thymidin incorporation assay was 
performed on OVA restimulated cells. Each bar represents the mean of four wells plus SEM. **:p<0.01; compared 
to LPS alone. n=3 
 
To investigate if the observed induction of Th17 cells at low Ag concentrations was 
dependent on the route of immunization, an experiment with application of OVA and 
LPS by the s.c. route was performed. An IL-17 ELISpot performed with pooled 
splenocytes from the immunized mice revealed a significant increase of Th17 cells at 
the lowest Ag dose, as compared to the standard dose of 25 µg (Fig. 44). 
Immunization with higher Ag concentrations resulted in decreased Th17 induction. In 
PBS and LPS control groups no induction of IL-17 producing cells was detected. To 
evaluate the induction of Ag specific proliferation of immune cells by the 
immunization, a 3H-Thymidin incorporation assay was also performed. As expected, 
in cells from the two negative control groups very weak proliferation was observed as 
compared to groups immunized with Ag and LPS (Fig. 45). High Ag doses resulted in 
quite poor induction of specific immune cells, whereas the proliferation rate at the two 
lowest doses was modest, as compared to other groups. Strong proliferation was 
measured at the intermediate Ag concentrations of 5 and 25 µg per animal. The 












































































Fig. 44: IL-17 response of splenocytes after s.c. immunization with OVA+LPS. C57BL/6 mice were 
immunized three times with varying doses OVA+LPS by s.c. route. Spleens were pooled and IL-17 ELISpot assay 
was performed on OVA restimulated cells. Each bar represents the mean of five wells plus SEM; background was 






























































Fig. 45: Proliferation of splenocytes after s.c. immunization with OVA+LPS. C57BL/6 mice were immunized 
3 times with varying doses OVA+LPS by s.c. route. Spleens were pooled and 
3
H-Thymidin incorporation assay 
was performed on OVA restimulated cells. Each bar represents the mean of 4 wells plus SEM. *:p<0.05; 
**:p<0.01; ***:p<0.001; compared to LPS alone. n=5 
 
Taking the proliferation and ELISpot data under account, a specific Th17 response 
was observed at low Ag concentrations, regardless of the route of application. These 
results gave further evidence that Th17 immune responses are normally elicited 
under conditions of weak Ag stimulation, as already observed in vitro when 
stimulating CD4+ T cells with αCD3 Ab.  
 
6.2 Effect on Th polarization and protective efficacy against the 
influenza virus resulting from vaccination using different Ag doses 
The above presented immunization studies with the model Ag OVA revealed that 
Th17 induction can be promoted in mice at low protein concentrations. Next, it was 
investigated if in vivo Th17 polarization at low antigen dosages is a general 
phenomenon or only related to certain Ags like OVA. It was decided to use a vaccine 
relevant Ag, which would also allow to address the potential impact of Th17 
polarization in overall protective efficacy conferred by the vaccine. To this end, mice 




the avian influenza virus H5N1. These virosomes are small phospholipid bilayer 
particles, which present HA5 and NA1 molecules on their surface. They resemble the 
influenza virus and can enter host cells via HA mediated phagocytosis. As a 
consequence, immune responses against HA and NA are elicited. However, since 
virosomes contain no genetic material, they cannot replicate (see also 2.3). 
 
BALB/c mice were immunized on day 0, 14 and 21 by i.n. route with different 
dosages of H5N1 virosomes co-administered with c-di-AMP as adjuvant. Parts of the 
animals were analyzed 42 days after priming with respect to their Ag specific immune 
responses in terms of proliferation and the induced Th phenotypes. The remaining 
mice were challenged by i.n. application of a lethal dose of H5N1 virus (strain 
NIBRG-14) and their survival was monitored for the following 6 days. 
 
Immunization with 0.5, 2.5 and 7.5 µg (HA equivalents) of H5N1 virosomes plus c-di-
AMP led to strong Ag specific proliferation of spleen cells, as compared to the 
negative control groups and the group which received the lowest Ag concentration 
(Fig. 46). Strongest proliferation was observed in the group immunized with 2.5 µg 
virosomes plus adjuvant when cells were restimulated with 2 µg/ml of virosomes. 
With cells from the groups receiving 0.5 and 7.5 µg, the strongest proliferation was 
detected when cells were restimulated with 0.1 and 1 µg of Ag, respectively. These 
results demonstrate that already 0.5 µg of H5N1 virosomes in combination with c-di-
AMP are able to elicit a robust Ag specific cell pool after immunization. 
 







































Fig. 46: Proliferation of splenocytes after i.n. immunization with H5N1 virosomes and c-di-AMP. BALB/c 
mice were immunized three times with different dosages of H5N1 virosomes + c-di-AMP by i.n. route. Spleens 
were pooled and a 
3
H-Thymidin incorporation assay was performed after in vitro restimulation with indicated Ag 




To investigate Th immune responses, cytokine secretion by splenocytes was 
assessed by ELISpot assay. Between samples from mice immunized with 0.5, 2.5 or 
7.5 µg virosomes plus c-di-AMP no significant differences were observed (Fig. 47). 
They all showed high numbers of IL-17 and IFNγ producing cells and only few cells 
positive for IL-4. In the 2.5 µg plus adjuvant group a slightly increased number of 
IFNγ positive cells was detected, as compared to the other groups. The signal of 
mice immunized with 0.1 µg virosomes and c-di-AMP was very weak. In samples 
from PBS and Ag alone control groups, no spot formation above background for IL-4, 
IL-17 and IFNγ was observed. These results suggest a Th1/Th17 dominated immune 
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Fig. 47: Cytokine profiles of splenocytes after i.n. immunization with H5N1 virosomes and c-di-AMP. 
BALB/c mice were immunized three times with different dosages of H5N1 virosomes + c-di-AMP by i.n. route. 
Spleens were pooled and ELISpot assays for IL-4, IL-17 and IFNγ were performed. Each bar represents the mean 
of six wells plus SEM. *: p<0.05; **:p<0.01; ***:p<0.001; compared to H5N1 alone. n=5 
 
On the other hand, the production of IL-4, IL-17 and IFNγ is not unique to Th cells. 
Thus, it had to be confirmed if Th cells were indeed the source of the detected 
cytokines. This was achieved by the establishment of a multicolor FACS staining 
panel to characterize Ag specific immune responses from in vivo samples. The panel 
had to fulfill the two following tasks: (i) identification of all Th subsets and (ii) 
characterization of polyfunctional CD4+ T cells, which have been shown to play an 
important role in conferring protection against infections. Polyfunctional CD4+ T cells 
are characterized by their ability to produce at least two out of the three cytokines IL-
2, IFNγ and TNFα. To match these requirements it was necessary to set up a 
staining with nine different markers: Live/Dead, CD3, CD4, CD8, IL-2, IL-4, IL-17, 
IFNγ and TNFα. This combination of markers offers the possibility to measure also 
CD8+ T cell cytokine responses. The successful establishment of a staining protocol 




analysis. This rendered possible the analysis of Ag specific cytokine profiles of 
restimulated CD4+ T cells from the mice immunized with H5N1 virosomes co-
administered with c-di-AMP. Almost no IL-4 producing cells were detected among all 
groups (Fig. 48). Only in the groups receiving virosomes co-administered with c-di-
AMP Ag specific responses were observed, as demonstrated by detection of 
intracellular IL-2, IL-17 and IFNγ. As compared to IL-2 and IL-17 producing cells (both 
about 0.3%), only few cells were positive for IFNγ (about 0.1%). On the other hand 
TNFα production was detected in all samples, but only in the groups which received 
Ag plus adjuvant the TNFα fractions were increased in Ag restimulated samples. 
Between cells from different virosome immunization groups, no significant differences 






































































































































































































































































Fig. 48: Cytokine profiles of splenocytes after i.n. immunization with H5N1 virosomes and c-di-AMP. 
BALB/c mice were immunized three times with different dosages of H5N1 virosomes + c-di-AMP by i.n. route. 
Spleens from three animals per group were separately restimulated with H5N1 virosomes and stained for viability, 
CD3, CD4, CD8, IL-2.IL-4, IL-17, IFNγ and TNFα and analyzed by FACS. Each bar represents the mean of three 
mice plus SD. *: p<0.05; **:p<0.01; ***:p<0.001; unstimulated compared to Ag-restimulated. n=5 
 
To characterize polyfunctional CD4+ T cells, the profiles of cytokine secreting cells 
were analyzed by Boolean gating to identify cells producing combinations of IL-2, 
IFNγ and TNFα. In control groups receiving PBS or virosomes alone, almost no 




two cytokines were found in comparable numbers in all four groups immunized with 
Ag and adjuvant. The lowest percentages were detected in the 0.1 µg group and 
highest frequency in the 0.5 µg group. The double positive cells produced mainly IL-2 
in combination with TNFα, whereas the two other combinations of co-production were 
observed only in few cells. The production of all three was only detected at a 
maximum of 0.03% of viable, CD3+ CD4+ CD8- cells in mice immunized with the 
highest virosome dosage. In groups immunized with 0.1 or 2.5 µg of virosomes co-
administered with c-di-AMP only 0.01% of triple positive cells were observed, 
whereas in the 2.5 µg group a mean value of about 0.02% was measured. 
 
This analysis of cytokine profiles demonstrated that the immunization with H5N1 
virosomes co-administered with c-di-AMP induces not only normal Th responses, but 
















































































































































































































































































Fig. 49: Analysis of polyfunctional T cells after i.n. immunization with H5N1 virosomes and c-di-AMP. 




 T cells were identified by Boolean gating on double or triple producers of IL-
2, IFNγ and TNFα shown in Fig. 48. Each bar represents the mean of three mice plus SD. *: p<0.05; **:p<0.01; 
***:p<0.001; unstimulated compared to Ag-restimulated. 
 
To check whether immunization with H5N1 virosomes at different doses and co-




remaining animals of each group were challenged by i.n. route with the H5N1 
influenza virus. On the following 6 days the weight and general health of each mouse 
was monitored twice a day. Animals were sacrificed if they showed weight reduction 
of 25%, as compared to the starting weight. Mice immunized with PBS or virosomes 
alone died within 3 or 4 days post challenge (Fig. 50). Only one mouse of the PBS 
control group showed no symptoms of infection at all. Animals immunized with 0.5, 
2.5 or 7.5 µg of virosomes plus c-di-AMP were fully protected and only mild transient 
weight loss in the first days was detected (data not shown). In the group which 
received the lowest Ag dose during immunization, every third animal died or had to 
be sacrificed. Also the surviving animals of this group showed more severe 


































Fig. 50: Survival of immunized mice after i.n. H5N1 virus challenge. Eleven BALB/c mice per group were 
immunized three times with different dosages of H5N1 virosomes + c-di-AMP by i.n. route and subsequently i.n. 
challenged with lethal dose of the genetically modified H5N1 virus strain NIBRG-14. Animals either died or were 
sacrificed when their weight loss was higher than 25% respect to the starting value. 
 
As an overall result for the immunization and challenge studies with H5N1 virosomes 
and c-di-AMP it has to be stated that in this model no dose dependent effects on Th 
polarization were observed. However, the results clearly demonstrated that 
vaccination with reduced Ag dose elicits strong immune responses which are 
protective in a challenge setting. The lack of dose dependent effects suggests that 
the experimental setting was suboptimal. This might be explained by two factors, (i) 
the strong induction of Th17 cells triggered per se by i.n. vaccination [142], and (ii) 
the stimulation of Th17 polarization by c-di-AMP [200, 201]. These two factors can 
lead to a situation in which Th17 polarization is already optimal and cannot be further 




6.3 Mechanism of Th17 differentiation blockage by NKT cells after 
stimulation with α-galactosylceramide 
As described in the introduction, Th17 immune responses are not always beneficial 
for the host. Beside autoimmune and inflammatory diseases, Th17 cells have been 
associated with non-optimal immune responses when induced following infection with 
certain pathogens (see 2.1.4 and 2.3). Thus, it would be helpful not only to induce 
Th17 polarization, but also to shut it down at will. It is known that αGC activates NKT 
cells and polarizes the immune response towards the Th2 phenotype while blocking 
Th17 induction. However, there is a paucity of knowledge on the underlying 
mechanisms. The elucidation of these molecular events would facilitate the 
exploitation of αGC as immune modulator, as well as provide hints on potential 
molecular targets for immune intervention. Thus, the second part of this work was 
focused on dissecting the mechanisms leading to the blockage of Th17 polarization 
after immunization with αGC as adjuvant. For the studies presented in the following, 
a pegylated form of αGC (αGCPEG) was used, which shows enhanced solubility and 
immune stimulatory activity [193].  
 
In the first experiment, the influence of different adjuvants co-administered with OVA 
via i.n. route on the elicited Th17 response was investigated. Curdlan and c-di-AMP 
are known to be strong inducers of Th17 cells, whereas the other used adjuvants 
lead to moderate IL-17 responses ([142, 201, 219, 220]). The animals were 
immunized and subsequently boosted on day 14 and 21. After a total of 42 days, the 
number of IL-17 secreting splenocytes was analyzed by performing ELISpot assays. 
The groups immunized with Curdlan and c-di-AMP displayed a high frequency of IL-
17 producing cells, as compared to the groups where only weak Th17 polarization 
was detected (Fig. 51). Beside the negative control groups, only αGCPEG did not 
induce Th17 cells at all. The absence of Th17 cells in αGCPEG immunized mice is 
remarkable since i.n. immunization should always lead to increased Th17 immune 





Fig. 51: αGCPEG blocks induction of Th17 immune responses after i.n. immunization. C57BL/6 mice per 
group were immunized with OVA co-administered with different adjuvants via i.n. route for a total of three times in 
21 days and sacrificed after a total of 42 days. Splenocytes pooled for every group were restimulated with OVA in 
ELISpot assay to detect IL-17 immune responses. Shown are the spot forming units per 10
6
 cells with subtracted 
background. Each bar represents the mean of 5 samples plus SEM. *, statistically significant (p<0.05). n=5 [221] 
 
To investigate whether the previously described activation of NKT cells by αGCPEG 
is responsible for the observed effect, an in vitro proliferation assay with sorted naïve 
CFSE-labeled OTII cells and DCs was performed. The cells were stimulated with 
OVA-peptide AA323-339 under Th17 polarizing conditions in the presence or 
absence of sorted NKT cells. To the samples either αGCPEG or BPPcysPEG as 
control was added. After 4 days of culture cells were restimulated, stained for IL-17 
and analyzed by FACS. The samples without addition of NKT cells showed a strong 
induction of IL-17 producing cells, independently of the added adjuvant (Fig. 52A). 
The addition of NKT cells led to a slight reduction of Th17 frequency in samples 
where BPPcysPEG was added (from 31% down to 9%). In contrast, in samples 
cultured in the presence of αGCPEG the polarization to Th17 cells was completely 
blocked. Only 0.4% of cells produced IL-17 in the presence of NKT cells, as 
compared to 27% in the absence of NKT cells. To clarify if this blockage was 
mediated by direct cell to cell interaction with NKT cells or by soluble factors released 
by activated NKT cells, in vitro proliferation assays with conditioned culture medium 
were performed. To OVA-peptide stimulated co-cultures of sorted CD4+ naïve CFSE-
labeled OTII cells and DCs supernatants from 24 h cultures of DCs plus αGCPEG, 
either in the presence or absence of NKT cells, were added. In samples where 
conditioned medium from cultures without NKT cells was added, 27% of divided 
CD4+ T cells produced IL-17, whereas the addition of NKT co-culture supernatants 





Fig. 52: NKT cells block Th17 differentiation in vitro by soluble factors. Sorted naïve CD4
+
 T cells from OTII 
mice were labeled with CFSE and co-cultured with DCs under Th17 polarizing conditions in the presence of OVA-
peptide AA323-339. Cultures were supplemented either with αGCPEG or BPPcysPEG. After 4 days cells were 
restimulated and analyzed for IL-17 production by FACS. (A) To some cultures sorted NKT cells were added 
(right panels). (B) Cultures were supplemented with supernatants collected from 24 h cultures of DCs in the 
presence of αGCPEG (left panel) or co-cultures of DCs and NKT cells in the presence of αGCPEG (right panel). 
Shown are the dot plots from representative samples for each condition. [221] 
 
These results pointed to the fact that soluble factors released by NKT cells are 
responsible for the absence of Th17 cells. To identify these soluble factors, the levels 
of IL-4, IFNγ and IL-2 were measured by ELISA 24 h after the co-culture. As in the 
previously described experiments, naïve CD4+ OTII cells and DCs were co-cultured 
either in the presence or absence of NKT cells and with the addition of αGCPEG or 
BPPcysPEG. Cells cultured with αGCPEG showed high levels of IL-4 and IFNγ, 
which were dramatically decreased when NKT cells were present (Fig. 53A). The 
supernatants from samples incubated with BPPcysPEG showed only low levels of IL-
4, but high levels of IFNγ when NKT cells were added. No remarkable differences 
between the used adjuvants were observed when comparing IL-2 levels. In both 
cases relatively high IL-2 levels were detected and a small decrease of IL-2 
concentration was observed when NKT cells were present. 
 
Neutralizing Abs against IL-4 and IFNγ were used in subsequent experiments to 
check if the observed differences in these cytokine levels were responsible for the 
impaired Th17 differentiation. The neutralizing Abs were added single or combined to 
the above described in vitro proliferation assays, whereas no Abs were added to 




presence of NKT cells (Fig. 53B). This effect was weaker in the presence of αIL-4 
and especially αIFNγ, which led to 1.4% or 4.3% of Th17 cells respectively. However, 
only the combination of both neutralizing Abs almost restored the Th17 polarization in 
the presence of NKT cells to the level observed in the absence of NKT cells. In 
summary, the presented in vitro experiments clearly demonstrated that the blockage 




Fig. 53: NKT cells block Th17 differentiation by secretion of IL-4 and IFNγ. (A) Sorted naïve CD4
+
 T cells 
from OTII mice were co-cultured with DCs under Th17 inducing conditions in the presence of OVA-peptide 
AA323-339. Cultures were supplemented with αGCPEG or BPPcysPEG in the presence or absence of NKT cells. 
Supernatants were collected after 24 h and the levels of IL-4, IFNγ and IL-2 were measured by ELISA. (B) Sorted 
naïve CD4
+
 T cells from OTII mice were stained with CFSE and then co-cultured with DCs under Th17 inducing 
conditions in the presence of OVA-peptide AA323-339 and αGCPEG. To some cultures NKT cells (right panels) 
and neutralizing Abs against IL-4 and/or IFNγ were added. Cells were restimulated after 4 days and analyzed for 
IL-17 production by FACS. [221] 
 
To further prove these observations, in vivo experiments with Jα281 KO mice which 
lack NKT cells were performed. C57BL/6 and Jα281 KO mice were immunized by i.n. 




immunized with PBS, OVA alone or OVA plus BPPcysPEG. The animals were 
boosted on day 14 and sacrificed after a total of 28 days. Th17 induction in 
splenocytes was accessed by IL-17 ELISpot (Fig. 54). In C57BL/6 mice immunized 
with PBS or OVA alone almost no IL-17 positive cells were detected, whereas the co-
administration of OVA and BPPcysPEG led to a moderate IL-17 response. The 
application of OVA in combination with αGCPEG resulted in only few IL-17 positive 
cells in C57BL/6 mice, but in high numbers in Jα281 KO mice. With these results, 
NKT cells have been shown to be responsible for αGCPEG induced blockage of 
Th17 polarization also in vivo. 
 
 
Fig. 54: NKT cells block Th17 differentiation after i.n. immunization in vivo. Five C57BL/6 or Jα281 KO mice 
per group were immunized with OVA plus αGCPEG via i.n. route and boosted after 14 days. Control groups 
received PBS, OVA alone or OVA plus BPPcycPEG. After a total of 35 days animals were sacrificed and IL-17 
ELISpot with group pooled splenocytes was performed. Shown are the spot forming units per 10
6
 cells with 
substracted background. Each bar represents the mean of 5 samples plus SEM. *, statistically significant 
(p<0.05). [221]  
 
Based on the described results the interesting question came up, if the αGCPEG 
mediated blockage of Th17 cells caused by NKT cells can be used to attenuate 
strong Th17 immune responses when co-administering αGCPEG with a Th17 
polarizing adjuvant. To answer this question, C57BL/6 mice were immunized with 
OVA co-administered with αGCPEG, LPS, Curdlan or combinations of these immune 
stimulators. The animals were boosted on day 14 and 21 and sacrificed after a total 
of 42 days. The Th17 immune response was measured by IL-17 ELISpot from group 
pooled splenocytes. Control groups immunized with PBS or OVA alone showed no 
cells positive for IL-17 and also the co-administration of OVA and αGCPEG did not 




IL-17 signal, which was significantly reduced when αGCPEG was added to the 
formulation (Fig. 55). The same dampening effect was observed when αGCPEG was 
co-administered with Curdlan. The very strong Th17 immune response induced by 
Curdlan alone was reduced to a moderate level. These observations gave evidence 
that αGCPEG is a promising candidate immune modulator, since it cannot only 
completely block Th17 induction when administered as adjuvant, but also fine tune 
the immune response when co-administered with other adjuvants.  
 
 
Fig. 55: αGCPEG efficiently modulates the effect of other adjuvants. Five C57BL/6 mice per group were 
immunized with OVA co-administered with different combinations of LPS, Curdlan and αGCPEG via i.n. route and 
boosted 2 times. After a total of 42 days animals were sacrificed and IL-17 ELISpot with group pooled splenocytes 
was performed. Shown are the spot forming units per 10
6
 cells with subtracted background. Each bar represents 
the mean of 5 samples plus SEM. *, statistically significant (p<0.05). [221] 
 
To sum up, this study identified the release of IL-4 and IFNγ by αGCPEG stimulated 
NKT as the underlying mechanism of Th17 blockage when administering αGCPEG 
as adjuvant. We further demonstrated that αGCPEG cannot only completely shut 
down Th17 immune responses, but even fine-tune Th17 induction when co-






Vaccines should promote strong immune responses, including a robust 
immunological memory, thereby protecting against potential future encounters with 
pathogens. Currently available vaccines mostly trigger Th2 dominated immune 
responses with poor induction of CTLs [222, 223]. Thus, vaccine development efforts 
were focused on the development of tools and strategies to promote efficient Th1 
and CTL responses [165, 167, 173, 186, 222]. Following the recent discovery of 
Th17 cells, the understanding of the role played by this T cell subset in chronic 
inflammatory and autoimmune diseases was one major aim of research. In fact, 
during the development and testing of modern vaccine, Th17 cell induction has not 
been truly considered or was even disregarded. Nevertheless, a considerable body 
of experimental and clinical evidence strongly supports a prominent role of Th17 cells 
during infection. For example, the importance of inducing Th17 responses for 
efficient clearance has been lately shown for pathogens as Candida albicans, 
Klebsiella pneumoniae or the influenza virus [116, 123-125], whereas Th17 induction 
might be harmful during Borrelia infection [224]. 
 
It is important to consider that the induction of the inappropriate Th phenotype 
against a certain pathogen following vaccination can lead to higher susceptibility, 
severe health problems or even death. While BALB/c mice are unable to control a 
Leishmania major infection due to stimulation of a Th2 dominated immune response, 
C57BL/6 mice mount a protective Th1 response (see also section 2.1.3). For Th1 
and Th2 cells it was already described under which conditions (e.g. Ag dosage and 
cytokine milieu) their differentiation is induced [67-69, 82, 83]. In contrast, our 
knowledge about Th17 cells and their induction is rather fragmentary. For example, 
Purvis and co-workers recently showed the induction of Th17 cells at low TCR 
stimulation [151]. However, the results of this study are in contrast to other studies 
reporting Th17 induction following strong TCR stimulation [149, 150]. So far, no 
explanation was found for these contradictory results. One reason might be that 
different experimental models and methods were used in these studies. The study 
that showed Th17 polarization as a result of low TCR stimulation was performed 
mostly using human cells stimulated with either αCD3 Ab or super antigen, and it was 




process of TCR binding to peptide Ags presented by MHC class II molecules. This 
can in turn lead to abnormal T cell behavior, due to the triggering of unusual signaling 
pathways [152]. Accordingly, it has still to be proven if the results of this study are 
reproducible using a peptide Ag and/or performing in vivo experiments. In contrast, 
the need of a strong stimulus for Th17 induction described by Gomez-Rodriguez et 
al. and Iezzi et al. was observed in the murine system. While Gomez-Rodriguez 
performed only in vitro experiments using αCD3 Ab for stimulation, Iezzi performed 
both in vitro studies using only TCR transgenic cells stimulated by the corresponding 
Ag and in vivo experiments using a very limited range of Ag concentrations. 
However, the elicitation of strong Th17 immune responses following strong 
stimulation is not in agreement with the strong Th17 immune responses always 
obtained after i.n. application of the Ag. In fact, i.n. administration is normally linked 
to a poor Ag uptake, thereby leading to a reduction of the active Ag dose [142]. 
 
In this work, in vitro experiments were combined with in vivo adoptive transfers and 
immunization experiments using a total of three different TCR transgenic and two 
wild type mouse strains to get broader and deeper insights into the polarization of 
Th17 cells depending on the stimulation strength. In addition, the influence of TCR 
affinity to Ags presented by MHC class II on Th polarization was also taken under 
account, since in this regard no experimental data were available until now. The 
results discussed in detail in the following give direct answers to some of the pending 
questions and contribute to a better understanding of Th polarization process. For 
validation of the new findings, low dose immunizations using H5N1 virosomes 
followed by viral challenge were performed. Since not only the induction but also the 
controlled blockage of Th17 cells is interesting for vaccinations, the last part of this 
thesis was focused on the mechanism of Th17 blockage by αGCPEG. 
 
7.1 Ag dose dependent Th17 induction differs in DO11.10 and OTII mice 
In the present work, DCs and T cells were incubated for the whole in vitro 
proliferation assay in the presence of the Ag. This procedure led to more robust data 
as compared to those obtained when DCs were pulsed with Ag only for 3 h. Most 
probably, the washing steps following DC pulsing were the reasons for the observed 




were observed after the washing. As demonstrated by experiments under controlled 
conditions, ratios the DC to T cell ratio was crucial for the final outcome (Fig. 27-Fig. 
29). The Ag dose dependent induction pattern of Th1 and Th2 polarization for cells 
from DO11.10 and OTII mice demonstrated that these two mouse strains mount 
similar Th responses. In most experiments Th1 as well as Th2 cells were induced 
preferentially at low to intermediate Ag dosages, which is in contrast to what was 
published before [82]. Constant et al. described Th1 polarization at intermediate to 
high Ag doses, whereas Th2 cells were observed at low dosages [82]. Despite 
differences in the experimental model and range of Ag used, one potential 
explanation is that the starting T cell population was less pure and characterized in 
the previous study as a result of the technical limitations in 1995. Therefore, it cannot 
be excluded that pre-activated or memory cells against different Ag were used for the 
experiments. It is known that memory cells can be activated independently of the 
presence of their specific Ag by cytokines, especially IL-2 [225]. 
 
Since in the present work only minor differences between the two mouse strains 
were observed in terms of Th1 and Th2 induction, the fundamental difference in Ag 
dose dependent induction of Th17 cells in these strains was quite surprising. 
DO11.10 cells differentiated to Th17 phenotype in the presence of low or high Ag 
concentrations, whereas OTII cells showed a peak of Th17 induction only at high Ag 
doses. The observed polarization towards Th17 phenotype at high doses in both 
strains is in line with the two studies named before, especially when only the Ag 
concentration range used in the study by Iezzi et al. is taken under consideration. 
There, cells were stimulated with peptide concentrations between 10 and 10000 nM. 
However, in the recent work the low dose peak detected for DO11.10 cells was 
elicited by Ag concentrations lower than 10 nM. Thus, it is possible that this 
observation was missed by Iezzi et al., since they did not titrate the Ag dose low 
enough in their experiments. However, this does not explain the differences observed 
between the mouse strains. Thus, further experiments to investigate the impact of 
culture conditions and OVA-peptide affinity of DCs were performed to understand this 
phenomenon. As described in the introduction (2.1.4), the addition of IL-6 and TGFβ 
to cultures induces enhanced Th17 polarization. These Th17 inducing conditions 
especially increased the Th17 polarization at intermediate and high Ag doses in both 




under normal conditions (full RPMI medium without addition of cytokines) was in 
most experiments very weak as compared to the high dose peak when Th17 
inducing conditions were used. The strongest change of Th17 levels at high Ag 
concentrations was also observed in the study of Iezzi et al. when Th17 polarizing 
cytokines were added. An Ag dose dependent influence of polarizing cytokines was 
already reported in the development of Tregs [35]. The same was true for the 
absence of Th1 and Th2 cells under Th17 polarizing conditions [226]. 
 
Like the addition of polarizing cytokines, the neutralization of IL-2 alone or in 
combination with neutralization of IL-4 and IFNγ also resulted in a similar enhancing 
effect on Th17 polarization. IL-2 has been shown to be essential for Th1 and Th2 
development, while it blocks Th17 differentiation [91, 227, 228]. Therefore, 
neutralization of IL-2 enhances Th17 polarization directly, as well as indirectly by 
inhibiting Th1 and Th2 polarization. This last effect is mediated by decreased levels 
of IL-4 and IFNγ in the culture, which further facilitates Th17 induction. However, in 
both investigated mouse strains the general Ag dose dependent Th17 induction 
pattern did not change by the addition of neutralizing Abs. Thus, different levels of 
these cytokines could be excluded as reason for the observed differences under 
normal conditions. The increased Th17 polarization when Th17 inducing cytokines 
were combined with neutralizing Abs in the assays were observed in both strains 
only at intermediate to high Ag doses, but not at low dosages. As consequence, it 
can be hypothesized that highly polarizing conditions are only effective if at least 
intermediate Ag concentrations are present. In which extend these rather artificial 
conditions also occur in vivo, still needs to be investigated. 
 
It is known that also IFNβ can influence Th polarization and that BMDCs generated 
by the addition of GM-CSF are able to produce this cytokine [229, 230]. However, 
neutralization of IFNβ in the assays did not result in any effect, neither under normal 
nor under Th17 inducing conditions. This might be explained by low levels of IFNβ in 
the cultures, which were not measured during the experiments. 
 
As discussed before, it was determined that the DC to T cell ratio plays an important 
role in Th differentiation. Higher numbers of DCs can present more Ag and provide 




increased Th17 polarization under normal, but not under Th17 inducing conditions, at 
intermediate and high Ag concentrations. In experiments for this thesis with different 
DC numbers, an increase over the 1 to 5 ratio of DCs to T cells resulted only in a 
small increase of Th17 cells. This might be explained by a study from Hopken and 
co-workers where it was shown that beginning with ratios of 1 to 2, the T cells 
stopped to proliferate and switched to a tolerant state [231]. One reason for the 
absence of an effect under Th17 polarizing conditions might be the presence of a 
threshold in Th17 numbers that once reached could not be raised by a further 
increase of the DC numbers. This would be in line with the observation that the Th17 
frequency reached a maximum at 1235nM OVA-peptide under Th17 polarizing 
conditions. The influence of co-stimulatory molecules on Th17 differentiation was the 
target of intense investigation in the last years. It was reported that strong interaction 
between CD40/CD40L at high Ag doses mediates IL-6 secretion by DCs, thereby 
enhancing Th17 polarization [145, 150]. In addition, also for B7/ICOS, OX40/OX40L 
and TIM-1/TIM-4 interactions a stimulating effect on Th17 induction has been shown 
[232-236]. The interactions between CTLA-4/B7 and PD-1/PD-1L instead counteract 
Th17 polarization [236-238]. Controversial results have been published concerning 
the role of CD28/B7 interaction. While two studies reported the essential need of this 
co-stimulation for Th17 induction, other studies showed a negative effect on Th17 
polarization [107, 141, 236, 239, 240]. 
 
By the use of a third TCR transgenic mouse line it was demonstrated that Th17 
polarization at low Ag concentrations is not only a special phenomenon for DO11.10 
cells. Moreover, it was shown that Ag dose dependent Th1 and Th2 polarization of 
TCR-HA cells behaves similarly to what was reported by Constant et al. for their 
model [82]. In contrast to DO11.10 and OTII cells, Th17 inducing conditions 
increased Th17 polarization of TCR-HA cells exclusively in the presence of low Ag 
doses. This effect might be explained by a different affinity of the TCR or MHC class 
II molecule to the Ag, which would result in altered stimulation strength. 
 
The similar loading of OVA-peptide on BMDCs derived from BALB/c and C57BL/6 
demonstrated by using FITC-labeled OVA-peptide rules out a differential affinity of 
MHC class molecules from both strains as a reason for the observed differences 




caused by different affinity of the TCRs to the OVA-peptide. This hypothesis has 
been explored by using of sequence altered OVA-peptides, but the obtained results 
were not conclusive. As previously described, alterations of AA position 335 and 336 
led to decreased proliferation rates of DO11.10 and OTII cells [215]. Unfortunately, 
the proliferation was that dramatically reduced, making it impossible to identify an 
effect of Th subsets. 
 
In summary, for each TCR transgenic mouse strain robust results for the Ag dose 
dependent Th17 induction were achieved. Beside some similarities, evident 
differences in Th17 polarization where observed between the mouse strains, which 
were most probably based on differential TCR affinity to the corresponding peptide 
Ag. These findings show that experiments performed with different TCR transgenic 
mouse models cannot always be extrapolated to other systems. This might explain 
some contradictory observations in published studies using different mouse models. 
To expand these observations, studies were performed in which differential affinity of 
the Ag to the TCR was ruled out by direct CD3 stimulation with αCD3 Ab. This 
method also allowed to study cells from wild type mice. 
 
7.2 Ag independent stimulation with αCD3 Ab induces Th17 polarization 
at low dose 
Näive CD4+ T cells from BALB/c and C57BL/6 wild type mice as well as from OTII 
mice were stimulated in vitro with different concentrations of αCD3 Ab to study Ag 
independent Th17 polarization. The cells from all three mouse strains differentiated 
especially at low αCD3 Ab concentrations towards the Th17 phenotype. Under Th17 
inducing conditions the highest Th17 numbers were detected at low αCD3 Ab 
concentrations. These findings clearly demonstrated that (i) there are no general 
differences between BALB/c and C57BL/6 concerning Th17 polarization, and (ii) a 
Th17 polarization is induced when the strength of stimulation is low. The observation 
of Th17 polarization in the presence of low αCD3 Ab concentrations is in line with 
recent findings in the human system [151]. In that study Th17 induction was also only 
observed when low αCD3 Ab concentrations where used for stimulation. 
Nevertheless, it has to be mentioned that a study published by Gomez-Rodriguez et 




[140]. A possible explanation for this contradiction might be the use of different 
protocols. While in the recent work RPMI medium was used, Gomez-Rodriguez et al. 
cultured their cells in IMDM medium. It has been reported that IMDM medium 
contains high amounts of aryl hydrocarbon receptor agonists which induce Th17 
polarization. It is possible that under these polarizing conditions Th17 induction only 
occurred in the presence of high stimulus concentrations. In addition, we observed 
similar effects when neutralizing Abs for IL-2, IL-4 and IFNγ were combined with 
Th17 inducing conditions (7.1).  
 
The observation that cells from wild type and OTII mice were polarized towards the 
Th17 phenotype only in the presence of low αCD3 Ab concentrations gives further 
evidence that the observed differences in Ag dose dependent Th17 induction 
between DO11.10 and OTII mice are based on different affinities of their TCRs to the 
OVA-peptide AA323-339. As a consequence of these results it has to be 
reconsidered to which extent and under which specific experimental conditions TCR 
transgenic mouse models are a valid tool to extrapolate to the natural in vivo 
situation. 
 
7.3 Adoptive transfer of TCR transgenic T cells to wild type recipient 
mice as a model to study TCR transgenic cells in vivo 
The adoptive transfer is a well-established tool for characterization of T cell activation 
in vivo, since TCR-transgenic mice are tolerogenic to their TCR specific Ag (reviewed 
in [241]). In the recent study adoptive transfer experiments were performed to 
analyze antigen dose dependent Th polarization of OTII cells in an in vivo setting, in 
comparison to the in vitro studies performed before. Intra footpad immunization and 
subsequent analysis of the triggered immune responses in pLNs 3 days after 
injection appealed as the most suitable technique to assess proliferation and cytokine 
production of the transferred cells. Therefore, it was rather unexpected that the 
animals of each group showed extreme variations in cytokine production when 
immunized with different dosages of OVA co-administered with Curdlan. Since the 
recovery and proliferation rates of transferred cells were comparable between the 
mice of each group, inaccurate injection of OTII cells or immunization solution can be 




been the use of the glucan molecule Curdlan as adjuvant, which is not soluble in 
water. Therefore, injection solutions containing Curdlan have to be well shaken and 
quickly injected to guarantee homogenous distribution of the adjuvant. It cannot be 
ruled out that the animals of each group received different amounts of Curdlan. It is 
important to take into account that the concentration of adjuvant directly influences 
Th polarization, as discussed in the next section (7.4). This means that for a constant 
read out, it would be favorable to repeat this experiment with larger group sizes or to 
use a water-soluble adjuvant (e.g. pegylation of Curdlan). Due to limitations of the 
donor mice numbers it was not possible to test this new approach. 
 
7.4 Immunization studies with OVA-peptide reveals Th17 polarization at 
low Ag dose 
To evaluate the efficacy of new vaccination strategies, experimental small animal 
models constitute a commonly used approach. However, until now only one study 
investigated Ag dose dependent polarization of Th17 cells using an in vivo mouse 
model [150]. In that study C57BL/6 mice were immunized with 20, 50 or 100 µg of 
glycoprotein (gp; AA61-81) of the Lymphocytic Choriomeningitis Virus (LCMV) co-
administered with CFA via s.c. route. While in mice immunized with 50 and 100 µg of 
Ag high numbers of Th17 cells were detected, almost no Th17 response has been 
observed in animals that received only 20 µg of peptide. Interestingly, when similar 
studies were performed during this thesis using OVA, robust Ag specific Th17 
responses were induced in mice immunized with low doses of OVA, independently of 
the application route. The observed differences might be explained by the different 
experimental design. In the present work mice were immunized using full-length OVA 
protein (i.e. mimicking normal conditions in the field following vaccination), whereas 
Iezzi et al. used a peptide Ag. Proteins are ingested and processed by APCs, which 
results in the formation of different peptide Ags that are presented on the cell surface 
in the context of MHC molecules [1]. In contrast, peptide Ags can directly bind to 
empty MHC class II molecules on the surface of APCs [242]. By this means, the 
nature of Ag influences the triggered signaling cascades in APCs, as well as their 
activation status. This leads to different stimulatory properties and, thereby, to 
different adaptive immune responses. Furthermore, it was reported for OVA that most 




peptide AA323-339 only adds to 4% of the total molecular weight of OVA and the 
number of stimulating moieties strongly differs when comparing full-length protein 
and peptide. Since Iezzi et al. used 20 µg of gp peptide as their “low” dosage it is 
possible that this dosage still provided strong stimulation. This might explain the 
observed differences. 
  
Another point to mention is the observed influence of the LPS dose on Th17 
polarization. High LPS concentrations co-administered with a medium OVA dose 
elicited similar Th17 polarization as low dose Ag co-administered with low dosages of 
LPS. DCs are activated by LPS, which in turn leads to up regulation of co-stimulatory 
molecules that often favors Th17 polarization, as discussed before (7.1). Interactions 
of Ag dose dependent effects and co-stimulation have been described for Th1 and 
Th2 cells [245]. In that study strong co-stimulation induced Th1 and Th2 responses 
only in the presence of high and low Ag doses, respectively. However, the 
observation of the present thesis that Th17 induction at higher Ag doses is 
dependent on high co-stimulation has not been reported before. 
 
Taking together the results obtained from in vitro and in vivo experiments, the most 
probable reason for the differences in Ag dose dependent Th17 polarization between 
DO11.10 and OTII mice is the existence of differences in the affinity of the TCR to 
the OVA-peptide AA323-339. Thus, TCR independent stimulation by αCD3 Ab as 
well as the immunization studies showed a preferentially induction of Th17 cells 
when low stimulation strength was applied. Another fact is that highly Th17 polarizing 
conditions, especially at high Ag doses induced strong Th17 polarization, whereas at 
low Ag doses almost no effect was observed. This clearly demonstrated that Th17 
polarizing conditions are Ag dose dependent. The observation that high LPS 
concentrations co-administered with high Ag dosage also polarized towards the Th17 
phenotype in vivo contributes to this finding. As a conclusion it can be formulated that 
Th17 polarization seems to be induced either by low stimulation strength in the 
presence of poor Th17 polarizing conditions or by high stimulation strength in the 





Fig. 56: Hypothetical model of Th17 induction depending on stimulation strength and polarizing 
conditions. 
 
This two component model would explain the contradictory results published before 
and could help to better control the induction of Th17 cells. Until now, all discussed 
experiments were performed with the model Ag OVA or αCD3 Ab. To validate if the 
obtained results can be exploited to control Th17 induction in a clinical setting, 
vaccination studies were performed using a vaccine formulation against influenza. 
 
7.5 Mice immunized with low H5N1 virosome doses show a Th1/Th17 
immune response protective against viral influenza challenge 
Despite several improvements in health care, infectious diseases still represent one 
of the major health problems worldwide. For example, one of the threats to mankind 
all over the world is the influenza virus. We are faced with two different settings of 
influenza occurrence: (i) the seasonal influenza which spreads every year in 
autumn/winter and (ii) the spontaneous unpredictable outbreaks of pandemic 
influenza. In case of seasonal influenza, viruses of the subtype class A or B spread 
which are especially dangerous for newborns, elderly and immune-compromised 
people [246, 247]. Although vaccines against influenza are available since the 1940s, 
between 1985 and 2009 in average almost 11,000 patients per year died in Germany 
due to influenza infections [248-250]. Worldwide 250,000 to 500,000 people are killed 
every year by seasonal influenza outbreaks [247]. The World Health Organization 
(WHO) established the “Global Influenza Surveillance Network (GISN)” which 




formulation. The seasonal influenza vaccine is composed of two influenza A strains 
(H1N1 and H3N2) and one influenza B strain. The exact strains are chosen as a 
prediction of the upcoming flu season based on isolates from the season before 
[247]. This system of prediction has one major drawback as well as one major 
advantage. If the prediction by the GISN was wrong, the vaccine will provide only 
limited protection. Thus, a meta-analysis of 31 independent studies about seasonal 
influenza vaccines revealed an overall efficacy of 67-75%, whereas in some seasons 
the efficacy of vaccines dropped to 35% [246]. However, the advantage of the 
system is that the prediction of the most probable strains for the next season allows 
the industry to produce the vaccines in advance and to supply them to people of risk 
groups in sufficient amount before the flu season starts. Since the 1950s, influenza 
vaccines are produced by inoculating chicken eggs with the vaccination virus strains, 
which is a strongly time consuming process. Cell culture systems for virus production 
are under development but are not fully approved yet [251]. Nevertheless, vaccine 
production capacities are very limited, in 2008 the worldwide capacity for seasonal 
influenza vaccine production amounted to approximately 820 million doses [252]. 
Production time and capacities would be also one of the major problems in a 
spontaneous pandemic influenza outbreak since no vaccine can be produced in 
advance as it is the case with seasonal influenza. Calculations for the H1N1 
pandemic in 2009 came to the result, that it would take more than one year to 
produce 5 billion doses of a new vaccine, not taking under account the time needed 
to identify the virus strain and to develop the complete vaccine formulation [253]. To 
shorten the time needed for the development of such a vaccine and its approval by 
the authorities, industry and authorities developed the so called “mock-up” and 
“emergency” procedure for the case of a pandemic influenza outbreak. In this mock-
up procedure, a vaccine formulation with a virus strain that potentially cause a 
pandemic is developed and approved in advance. In case of a pandemic influenza 
outbreak, the virus strain of the already tested and approved mock-up vaccine is 
exchanged against the pandemic strain so that the final vaccine can be produced 
and used after short safety tests. In contrast, the emergency procedure applies after 
a pandemic has already been declared and shortens the approval time by authorities 
to about 2 month instead of the normal 7 month. A third way to facilitate the supply 
with a pandemic vaccine is the modification of an already approved seasonal 




full live-attenuated or inactivated/split viruses as Ag in the vaccine formulations 
whose production is time consuming. An alternative approach which would be faster 
and more elegant constitutes the use of virosomes as vaccine Ag [207]. For the 
production of virosomes only purified HA and NA molecules are necessary, which 
can be isolated from whole virus or fast and easy produced by recombinant 
expression systems [205, 255]. Finally, another approach to speed up the vaccine 
production is the reduction of needed Ag per vaccination dose, the so called dose 
sparing. This can be achieved by the addition of a powerful adjuvant to the 
formulation which stimulates the immune system and/or enhances Ag uptake and 
presentation [200, 256, 257]. 
 
As described in the introduction (2.1.3), vaccinations need to stimulate the 
appropriate Th phenotype for each pathogen in order to provide a protective immune 
response. In case of the influenza virus it is not yet fully elucidated which Th 
phenotype is needed. Adoptive transfer studies from S. Swain and colleagues proved 
that influenza specific CD4+ effector cells are sufficient to protect against otherwise 
lethal viral challenge. Protection was achieved when either an unsorted pool of 
influenza specific CD4+ effector or sorted influenza specific Th1 cells were 
transferred [258]. However, these experiments were performed in 2004, when Th17 
cells where not known yet. Thus, a potential role of Th17 cells was not investigated in 
this study, which demonstrated the need of Th1 cells for protection against influenza. 
More recent studies showed that beside Th1 induction, protective immune responses 
included also Th17 polarization [125, 259-261]. On the other hand, for H1N1 it was 
reported that IL17R KO mice were better protected against viral challenge and that 
high Th17 cell numbers were detected in patients with severe pathology after 
infection with the pandemic H1N1 virus in 2009 [262, 263]. Thus, the role of Th17 
cells in protective immune responses against influenza infections has to be 
investigated in more detail.  
 
The initial studies carried out in this thesis demonstrated that immunization with low 
doses of the model Ag OVA favors Th17 polarization. Thus, in the second part of this 
work it was investigated whether Ag dose dependent Th17 polarization can be also 
achieved by following a mucosal vaccination strategy using a pathogen relevant Ag, 




candidate for i.n. application and the role of Th17 cells in protective immune 
responses against the influenza virus needed further investigation, H5N1 virosomes 
were chosen as Ag. The protectiveness of the elicited immune response was tested 
by a subsequent viral challenge. As shown in the result section, also immunization 
with the lower dosages of H5N1 virosomes co-administered with c-di-AMP via i.n. 
route led to the induction of Ag specific Th1 cells and elicited strong Th17 
polarization. This resulted in protection against challenge with an otherwise lethal 
viral dose. 
 
The strong Ag specific proliferation of splenocytes derived from animals immunized 
with 0.5, 2.5 or 7.5 µg of HA equivalents of H5N1 virosomes co-administered with c-
di-AMP indicates a robust systemic induction of H5N1 specific cells by the used 
immunization protocol. This is in line with published studies showing the stimulation 
of local as well as systemic immune responses after i.n. vaccination, especially when 
c-di nucleotides are used as adjuvant [142, 201]. The analysis of the elicited Th 
subsets by ELISpot and FACS revealed a mixed Th1/Th17 dominated immune 
response, whereas Th2 cells were almost absent. These findings are in line with a 
recent study showing a Th1/Th17 dominated immune response following 
immunization with a trivalent influenza vaccine [261]. However, while in the ELISpot 
assays the number of IFNγ positive cells was slightly higher than the number of IL-17 
positive cells, FACS analysis revealed a 2-fold higher frequency of IL-17 positive 
cells, as compared to that of IFNγ positive cells. Furthermore, with the second 
method also in the samples from animals immunized with 0.1 µg H5N1 virosomes co-
administrated with adjuvant a clear Th17 polarization was detected, which was 
absent in the ELISpot assays. These differences could be explained by the fact that 
IFNγ can be produced not only by Th1 cells, but also by CD8+ T cells, NK cells, NKT 
cells, macrophages and DCs [221, 264-266]. Thus, with an ELISpot assay it is not 
possible to identify the source of the detected IFNγ, since only already secreted 
cytokines are measured. In contrast, when performing the multi-parametric FACS 
analysis only CD3+ CD4+ CD8- cells were analyzed for cytokine expression. In 
addition, by ELISpot cytokines produced by more than one cell can be detected as a 
“single” spot. Therefore, while the FACS analysis presents the “true” picture of the 
Th1 population induced following vaccination, the IFNγ signals detected by ELISpot 




reduced numbers of IFNγ producing cells observed by the FACS analysis. However, 
the elicited Th1 response was robust, and able to confer  protection against a lethal 
influenza infection. 
A possible explanation for the differences observed in mice immunized with lowest 
dosage of virosomes when comparing ELISpot and FACS data could be related to 
the different principles of signal measurement. ELISpot assays allow just the 
detection of cytokines already secreted, whereas FACS in addition allows the 
detection of not yet secreted cytokines. Most probably the lowest Ag dose only led to 
cytokine production but not secretion, as some kind of short term non secreted 
cytokine storage, like previously described [267-269]. The physiological role of this 
phenomenon is not known yet. However, as discussed later, the immune response 
triggered by 0.1 µg of virosomes was not able to protect all mice against viral 
challenge. 
 
Comparing the results obtained after immunizations with either OVA or H5N1 
virosomes as Ag, it has to be stated that the strongly increased induction of Th17 
phenotype at low Ag dose, as compared to medium and high Ag doses was only 
observed when mice were immunized with OVA. The use of virosomes as Ag 
stimulated very high numbers of Th17 cells at all used concentrations when co-
administered with adjuvant. However, it is unlikely that the observed phenomenon of 
low Ag dose Th17 induction is exclusively triggered by OVA, since in vitro 
proliferation assays with HA-peptide as Ag clearly demonstrated an increased 
induction of Th17 cells at low Ag concentrations. This finding was further confirmed 
when T cells were stimulated in vitro in an Ag independent manner by titrating αCD3 
Ab, thereby resulting in a Th17 polarization at low concentrations. More likely, the 
differences in Th17 polarization are based on the immunization strategy and/or the 
vaccine formulation. 
 
The immunizations with OVA were performed by s.c. or i.p. route, which do not favor 
the induction of a specific Th phenotype. Furthermore, the co-administration of LPS 
only leads to moderate Th17 responses by itself. In contrast, i.n. application and c-di-
AMP strongly favor the induction of Th17 cells [142, 200, 201, 207, 221]. Therefore, 
immunization of mice with H5N1+c-di-AMP by i.n. route stimulated about 4 times 




following vaccination of mice using OVA+LPS (400 and 100 IL-17 positive cells per 
1x106 cells, respectively). Although very strong Th17 responses were elicited, the 
health status of immunized mice was not affected (e.g. neither weight loss nor 
scrubby hair was observed). This is important since in patients with severe cases of 
H1N1infection outbalanced Th17 responses were observed that led to a cytokine 
storm with subsequent lung damage and respiratory failure [262, 270]. 
 
When co-administering medium concentrations of OVA with very high LPS doses, 
very strong Th17 responses were elicited. It is possible that the used dosage of c-di-
AMP co-administered with H5N1 virosomes had a comparable effect and was 
therefore masking a putative dose dependent effect on Th17 polarization. Another 
possibility could be that by the combination of Th17 inducing components in 
association with the i.n. application route some kind of physiological threshold of 
Th17 polarization was already reached at medium Ag dosages, which could not be 
breached by lowering the Ag dose, which would under normal conditions lead to a 
further increase of Th17 induction. If such a physiological threshold exists, it would 
be most probably controlled by Tregs, which are known to limit and balance Th17 
immune responses. This special ability of Tregs is already used for therapy of Th17 
linked inflammatory and auto-immune diseases [271-274]. To validate if this 
hypothesis explains the observed missing of increased Th17 polarization at low 
H5N1 doses, immunizations with different adjuvants and different application routes 
should be performed. Also the comparison of Treg populations after the two 
described immunization settings could provide new insights into Th17 biology. 
 
However, the characterization of the elicited Th phenotypes is not sufficient to judge 
the effectiveness of an immunization, since it has been reported for many pathogens 
(e.g. Mycobacterium ssp., Leishmania ssp. and influenza virus) that a highly 
protective immune response depends on so-called polyfunctional CD4+ T cells. 
These cells are characterized by their ability to secrete different combinations of the 
cytokines IL-2, IFNγ and TNFα and therefore play a vital role in orchestrating the 
adaptive immune response [48, 259, 275, 276]. The identification of these cells is 
only possible by multi-parametric flow cytometry, since the cytokines produced by a 
single cell have to be characterized simultaneously. The 9-color staining panel 




was demonstrated that immunization with H5N1 virosomes co-administered with c-di-
AMP by i.n. route was able to induce polyfunctional T cells (Fig. 49). The population 
producing two cytokines was clearly dominated by TNFα and IL-2 double positive 
cells, whereas the other combinations where only present in minor fractions. These 
results are in line with recent findings showing a comparable distribution of 
polyfunctional T cells in mice immunized with purified influenza proteins co-
administered with c-di-GMP, another cyclic di-nucleotide exhibiting adjuvant 
properties [259]. Nevertheless, it has to be stated that the frequency of cells 
producing all three cytokines was lower in the present study, as compared to the 
results from Madhun et al. [259]. However, the number of polyfunctional T cells 
induced by H5N1 virosomes + c-di-AMP was sufficient to provide a protective 
immune response. Interestingly also in the group immunized with 0.1 µg virosomes 
and c-di-AMP polyfunctional T cells were detected. 
 
The subsequent challenge with a lethal dose of the influenza virus revealed that the 
immune response elicited by the lowest vaccination dose of H5N1 virosomes (0.1 µg) 
was sufficient to protect only 70% of the mice. This is in line with the observed low 
cellular responses and absence of cytokine secreting cells, indicating that the lowest 
Ag dose was not sufficient to trigger robust immune responses. In contrast, all 
vaccine formulations encompassing higher virosome dosages co-administered with 
c-di-AMP induced 100% protection against viral infection. The fact that already 0.5 µg 
of virosomes co-administered with c-di-AMP via i.n. route are sufficient to elicit a 
protective immune response are remarkable in the context of dose sparing, since 
recent studies reported the need of 5-7.5 µg H5N1 virosomes to induce robust 
immune responses following vaccination [277, 278]. Thus, the here presented 
combination of immunization strategy and vaccine formulation allows to reduce the 
amount of Ag needed to elicit full protective immunity by the factor 10 to 15, as 
compared to similar studies. This in turn would dramatically reduce the production 
time of sufficient lots of a vaccine in a pandemic influenza outbreak.  
 
In conclusion, it was demonstrated that by the combination of mucosal application 
route, a promising adjuvant candidate and low Ag dose immunization mixed 
Th1/Th17 immune responses were stimulated that were protective against a 




negative consequences for the immunized animals. In fact, it seems that the Th17 
response rather contribute to the overall protective effect. However, it has to be 
investigated whether the described approach can be transferred to humans still. 
Nevertheless, the perspectives are quite promising as the single components of the 
presented immunization strategy are already approved for the use in humans (i.n. 
application [279]), have been tested in clinical trials (H5N1 virosomes [207]) or have 
been shown to stimulate not only murine but also human cells in vitro (c-di-AMP 
[201]). Concerning the potential risk of neurological side effects (Bell’s palsy) 
following i.n. vaccination, it is important to highlight that this was only seen in 
association with the use of AB moiety toxins and their derivatives as adjuvants (i.e. 
adjuvants for which specific receptors exist in neurons [280, 281]). Thus, the use of 
c-di-AMP as i.n. adjuvant might not represent any risk. In addition, we have assessed 
the activity of the adjuvant when administered by the sublingual route, which in turn 
should not comport any risk of retrograde homing to the central nervous system. 
Unpublished results from our group demonstrated a successful stimulation of robust 
immune responses following sublingual immunization with formulations containing c-
di-AMP, which were comparable to those obtained after i.n. application. 
 
7.6 Mechanism of Th17 differentiation blockage by NKT cells after 
stimulation with α-galactosylceramide 
As mentioned above, Th17 cells have been shown to play an important role in 
clearance of certain pathogens such as Candida albicans, Klebsiella pneumoniae or 
influenza virus [116, 123-125]. However, Th17 cells are also known to be harmful, as 
they are responsible for autoimmune diseases like RA, MS or IBD [100] and can lead 
to immune pathological reactions following infection, such as chronic inflammation 
after Borrelia infection [224]. These examples show the importance of controlling the 
induced Th phenotype when performing vaccinations. Thus, it would be helpful to 
have substances that can specifically trigger or block Th17 differentiation when 
added to vaccine formulations. Previous studies showed that immunization by i.n. 
route always results in strong Th17 responses, which can be either beneficial or 
unfavorable depending on the pathogen against which has to be vaccinated. This 
implies problems for this otherwise promising application route. The immunization 




phenotype induced by i.n. vaccination can be easily blocked by co-administration of 
αGCPEG as adjuvant. Furthermore, administration of αGCPEG not only blocks the 
stimulation of Th17 responses, but also modulates and fine tunes the strength of 
Th17 induction when combining it with other polarizing adjuvants. The observed 
blockage of Th17 cells is mediated by NKT cells. This is supported by the results of in 
vitro experiments in which NKT cells stimulated with αGCPEG shut down the 
generation of IL-17A producing CD4+ T cells, even under Th17 polarizing culture 
conditions. In addition, real-time PCR analysis revealed that NKT cells stimulated 
with αGCPEG also inhibit the production of IL-17F and down-regulate the expression 
of the Th17 specific transcription factor RORγ (data not shown). These results were 
confirmed by the in vivo studies using Jα281 KO mice, which lack functional NKT 
cells. In these animals an efficient Th17 differentiation was observed even after i.n 
immunization with αGCPEG as adjuvant. In wild type animals which received the 
same formulation, a Th17 immune response was absent. Furthermore, in vitro 
studies performed during this work, based on NKT cell co-cultures and the addition of 
neutralizing Abs, demonstrated that IL-4 and IFNγ released by NKT cells were 
responsible for the observed Th17 inhibition. Interestingly, the presence of IL-4 or 
IFNγ alone was sufficient to block the stimulation of Th17 cells. In contrast, 
simultaneous neutralization of both cytokines fully restored the Th17 response. Thus, 
the present work revealed for the first time the underlying mechanism of Th17 
blockage triggered by αGCPEG. It is remarkable that this blockage mediated by NKT 
cells is based on the same effects by which Th subsets influence each other’s 
induction. Namely, by the release of IL-4 and IFNγ rather than by any new mediators 
or cell-to-cell interactions. As this mechanism is already quite well understood, it will 
allow for a better prediction and targeted investigation of functionality and potential 
side effects of αGCPEG in order to develop this compound as a vaccine adjuvant. 
 
Another interesting point is the fact that NKT cells not only block the release of IL-17 
by inhibiting Th17 differentiation (see also [282]) but also produce IL-17A by 
themselves [283]. This finding seems to be contradictory to what was reported 
before, but it is consistent when looking at the chronology of events. In concert with 
other components of the innate immune system, NKT cells respond very fast after an 
encounter with a pathogen. Thus, they are an early source of IL-17A which promotes 




system starts to respond, NKT cells modulate the Th differentiation to prevent a 
potentially harmful over-induction of Th17 cells. In this context, a study from Lin et al. 
showed that early IL-17 production is needed to induce Th1 immune responses 
under certain conditions [285]. 
 
The ability of αGCPEG to inhibit Th17 differentiation could be also helpful to 
investigate if and in which extent Th17 cells are important for protection against 
certain pathogens. As discussed before (7.5), it is not yet fully clarified if a strong 
Th17 immune response is beneficial for protection against all influenza strains. Here 
αGCPEG could be used to selectively block the Th17 differentiation in an 
immunization and subsequent viral challenge, in a comparative analysis with Th17 
inducing adjuvants. An in depth knowledge about the influence of Th17 induction on 
the outcome of immune responses against pathogens is a crucial step for the 
improvement and de novo development of vaccines. 
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8 Conclusions and Outlook 
The studies performed in this thesis showed that the induction of the Th17 phenotype 
is not only influenced by the amount of Ag used for stimulation, but also by several 
other factors, such as the cytokine milieu and co-stimulation. Furthermore, Ag dose 
dependent Th17 polarization depends on the genetic background of the donor TCR 
transgenic animals to which the Ag is presented. This is most probably due to 
differences in TCR affinity to the Ag. In addition, Th17 induction in vivo also depends 
on the adjuvant used and specific dosage of both Ag and adjuvant. Taken together, 
from the outcome of the experimental work it can be hypothesized that Th17 cells are 
preferentially induced by low strength stimulation in the absence of polarizing 
conditions, as well as by strong stimulation in the presence of strong Th17 polarizing 
conditions.  
 
Intranasal immunization of mice with low dosages of a virosome-based vaccine 
against the influenza strain H5N1 co-administered with c-di-AMP induced protective 
immune responses characterized by a strong Th1 and Th17 polarization. Under 
these experimental conditions the Ag dose needed to elicit protective immunity could 
be reduced by a factor of 10-15 with respect to previous studies. This represents a 
considerable dose sparing effect. 
 
It would be of great interest to further investigate the differences observed between 
the transgenic mouse strains. To this end, a large library of mutated OVA-peptides 
could be used to investigate the impact of the TCR affinity to the Ag on Th17 
polarization exploiting surface plasmon resonance with Biacore technology. It would 
also be necessary to further validate the results obtained using OVA as Ag by 
repeating the experiments with influenza virosomes as Ag under less Th17 polarizing 
conditions. To this end, different application routes or adjuvants need to be included 
in the immunization protocols. 
 
Finally, for the development of vaccines, not only the induction of Th17 immune 
responses is of great interest, but also their specific blockage. During this work, 
secretion of IL-4 and IFNγ by NKT cells was identified to be responsible for blockage 
of Th17 cell induction by αGCPEG. These findings provide a better characterization 
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of the underlying mechanisms of adjuvanticity of αGCPEG and highlight its potential 
to tailor Th17 responses. Additional work will be required to define the true potential 
of αGCPEG in this regard, such as vaccination and challenge experiments using 
different infection models (e.g. Borrelia ssp.) for which the stimulation of a Th17 






1. Murphy, K., P. Travers and M. Walport, Janeway's Immuno Biology. 7 ed. 2008, New 
York: Garland Science. 
2. Chaplin, D.D., Overview of the immune response. J Allergy Clin Immunol, 2010. 
125(2 Suppl 2): p. S3. 
3. Dranoff, G., Cytokines in cancer pathogenesis and cancer therapy. Nat Rev Cancer, 
2004. 4(1): p. 11. 
4. Sjoberg, A.P., L.A. Trouw and A.M. Blom, Complement activation and inhibition: a 
delicate balance. Trends Immunol, 2009. 30(2): p. 83. 
5. Underhill, D.M. and A. Ozinsky, Toll-like receptors: key mediators of microbe 
detection. Curr Opin Immunol, 2002. 14(1): p. 103. 
6. Vasselon, T. and P.A. Detmers, Toll receptors: a central element in innate immune 
responses. Infect Immun, 2002. 70(3): p. 1033. 
7. Gasque, P., Complement: a unique innate immune sensor for danger signals. Mol 
Immunol, 2004. 41(11): p. 1089. 
8. McGreal, E.P., L. Martinez-Pomares and S. Gordon, Divergent roles for C-type lectins 
expressed by cells of the innate immune system. Mol Immunol, 2004. 41(11): p. 
1109. 
9. Raulet, D.H., Interplay of natural killer cells and their receptors with the adaptive 
immune response. Nat Immunol, 2004. 5(10): p. 996. 
10. Palm, N.W. and R. Medzhitov, Pattern recognition receptors and control of adaptive 
immunity. Immunological Reviews, 2009. 227(1): p. 221. 
11. Merad, M. and F. Ginhoux, Dendritic cell genealogy: a new stem or just another 
branch? Nat Immunol, 2007. 8(11): p. 1199. 
12. Banchereau, J., F. Bazan, D. Blanchard, F. Briere, J.P. Galizzi, C. van Kooten, Y.J. 
Liu, F. Rousset and S. Saeland, The CD40 antigen and its ligand. Annu Rev 
Immunol, 1994. 12: p. 881. 
13. Banchereau, J. and R.M. Steinman, Dendritic cells and the control of immunity. 
Nature, 1998. 392(6673): p. 245. 
14. Reis e Sousa, C., Activation of dendritic cells: translating innate into adaptive 
immunity. Curr Opin Immunol, 2004. 16(1): p. 21. 
15. Serbina, N.V., T.P. Salazar-Mather, C.A. Biron, W.A. Kuziel and E.G. Pamer, 
TNF/iNOS-producing dendritic cells mediate innate immune defense against bacterial 
infection. Immunity, 2003. 19(1): p. 59. 
16. Steinman, R.M. and H. Hemmi, Dendritic cells: translating innate to adaptive 
immunity. Curr Top Microbiol Immunol, 2006. 311: p. 17. 
17. Twigg, H.L., 3rd, Humoral immune defense (antibodies): recent advances. Proc Am 
Thorac Soc, 2005. 2(5): p. 417. 
18. Joller, N., S.S. Weber and A. Oxenius, Antibody-Fc receptor interactions in protection 
against intracellular pathogens. Eur J Immunol, 2011. 41(4): p. 889. 
19. Kurosaki, T., B-lymphocyte biology. Immunol Rev, 2010. 237(1): p. 5. 
20. Victora, G.D. and M.C. Nussenzweig, Germinal Centers. Annu Rev Immunol, 2011. 
21. Grakoui, A., S.K. Bromley, C. Sumen, M.M. Davis, A.S. Shaw, P.M. Allen and M.L. 
Dustin, The immunological synapse: a molecular machine controlling T cell activation. 
Science, 1999. 285(5425): p. 221. 
22. Monks, C.R., B.A. Freiberg, H. Kupfer, N. Sciaky and A. Kupfer, Three-dimensional 
segregation of supramolecular activation clusters in T cells. Nature, 1998. 395(6697): 
p. 82. 
23. Nieda, M., [Cytotoxic T lymphocytes]. Nippon Rinsho, 2005. 63 Suppl 4: p. 142. 
24. Smyth, M.J., J.M. Kelly, V.R. Sutton, J.E. Davis, K.A. Browne, T.J. Sayers and J.A. 
Trapani, Unlocking the secrets of cytotoxic granule proteins. J Leukoc Biol, 2001. 




25. Jetten, A.M., Retinoid-related orphan receptors (RORs): critical roles in development, 
immunity, circadian rhythm, and cellular metabolism. Nucl Recept Signal, 2009. 7: p. 
e003. 
26. Fontenot, J.D., M.A. Gavin and A.Y. Rudensky, Foxp3 programs the development 
and function of CD4+CD25+ regulatory T cells. Nat Immunol, 2003. 4(4): p. 330. 
27. Hori, S., T. Nomura and S. Sakaguchi, Control of regulatory T cell development by 
the transcription factor Foxp3. Science, 2003. 299(5609): p. 1057. 
28. Khattri, R., T. Cox, S.A. Yasayko and F. Ramsdell, An essential role for Scurfin in 
CD4+CD25+ T regulatory cells. Nat Immunol, 2003. 4(4): p. 337. 
29. Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh and M. Toda, Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains 
(CD25). Breakdown of a single mechanism of self-tolerance causes various 
autoimmune diseases. J Immunol, 1995. 155(3): p. 1151. 
30. Bennett, C.L., J. Christie, F. Ramsdell, M.E. Brunkow, P.J. Ferguson, L. Whitesell, 
T.E. Kelly, F.T. Saulsbury, P.F. Chance and H.D. Ochs, The immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by mutations 
of FOXP3. Nat Genet, 2001. 27(1): p. 20. 
31. Brunkow, M.E., E.W. Jeffery, K.A. Hjerrild, B. Paeper, L.B. Clark, S.A. Yasayko, J.E. 
Wilkinson, D. Galas, S.F. Ziegler and F. Ramsdell, Disruption of a new 
forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative disorder 
of the scurfy mouse. Nat Genet, 2001. 27(1): p. 68. 
32. Wildin, R.S., F. Ramsdell, J. Peake, F. Faravelli, J.L. Casanova, N. Buist, E. Levy-
Lahad, M. Mazzella, O. Goulet, L. Perroni, F.D. Bricarelli, G. Byrne, M. McEuen, S. 
Proll, M. Appleby and M.E. Brunkow, X-linked neonatal diabetes mellitus, enteropathy 
and endocrinopathy syndrome is the human equivalent of mouse scurfy. Nat Genet, 
2001. 27(1): p. 18. 
33. Chatila, T.A., F. Blaeser, N. Ho, H.M. Lederman, C. Voulgaropoulos, C. Helms and 
A.M. Bowcock, JM2, encoding a fork head-related protein, is mutated in X-linked 
autoimmunity-allergic disregulation syndrome. J Clin Invest, 2000. 106(12): p. R75. 
34. Sakaguchi, S., K. Wing, Y. Onishi, P. Prieto-Martin and T. Yamaguchi, Regulatory T 
cells: how do they suppress immune responses? Int Immunol, 2009. 21(10): p. 1105. 
35. Josefowicz, S.Z., L.F. Lu and A.Y. Rudensky, Regulatory T Cells: Mechanisms of 
Differentiation and Function. Annu Rev Immunol, 2012. 
36. Mosmann, T.R., H. Cherwinski, M.W. Bond, M.A. Giedlin and R.L. Coffman, Two 
types of murine helper T cell clone. I. Definition according to profiles of lymphokine 
activities and secreted proteins. J Immunol, 1986. 136(7): p. 2348. 
37. Szabo, S.J., S.T. Kim, G.L. Costa, X. Zhang, C.G. Fathman and L.H. Glimcher, A 
novel transcription factor, T-bet, directs Th1 lineage commitment. Cell, 2000. 100(6): 
p. 655. 
38. Lighvani, A.A., D.M. Frucht, D. Jankovic, H. Yamane, J. Aliberti, B.D. Hissong, B.V. 
Nguyen, M. Gadina, A. Sher, W.E. Paul and J.J. O'Shea, T-bet is rapidly induced by 
interferon-gamma in lymphoid and myeloid cells. Proc Natl Acad Sci U S A, 2001. 
98(26): p. 15137. 
39. Robinson, D., K. Shibuya, A. Mui, F. Zonin, E. Murphy, T. Sana, S.B. Hartley, S. 
Menon, R. Kastelein, F. Bazan and A. O'Garra, IGIF does not drive Th1 development 
but synergizes with IL-12 for interferon-gamma production and activates IRAK and 
NFkappaB. Immunity, 1997. 7(4): p. 571. 
40. Yang, J., H. Zhu, T.L. Murphy, W. Ouyang and K.M. Murphy, IL-18-stimulated 
GADD45 beta required in cytokine-induced, but not TCR-induced, IFN-gamma 
production. Nat Immunol, 2001. 2(2): p. 157. 
41. Kaplan, M.H., Y.L. Sun, T. Hoey and M.J. Grusby, Impaired IL-12 responses and 
enhanced development of Th2 cells in Stat4-deficient mice. Nature, 1996. 382(6587): 
p. 174. 
42. Thierfelder, W.E., J.M. van Deursen, K. Yamamoto, R.A. Tripp, S.R. Sarawar, R.T. 




Requirement for Stat4 in interleukin-12-mediated responses of natural killer and T 
cells. Nature, 1996. 382(6587): p. 171. 
43. Kaplan, M.H., U. Schindler, S.T. Smiley and M.J. Grusby, Stat6 is required for 
mediating responses to IL-4 and for development of Th2 cells. Immunity, 1996. 4(3): 
p. 313. 
44. Shimoda, K., J. van Deursen, M.Y. Sangster, S.R. Sarawar, R.T. Carson, R.A. Tripp, 
C. Chu, F.W. Quelle, T. Nosaka, D.A. Vignali, P.C. Doherty, G. Grosveld, W.E. Paul 
and J.N. Ihle, Lack of IL-4-induced Th2 response and IgE class switching in mice with 
disrupted Stat6 gene. Nature, 1996. 380(6575): p. 630. 
45. Takeda, K., T. Tanaka, W. Shi, M. Matsumoto, M. Minami, S. Kashiwamura, K. 
Nakanishi, N. Yoshida, T. Kishimoto and S. Akira, Essential role of Stat6 in IL-4 
signalling. Nature, 1996. 380(6575): p. 627. 
46. Pai, S.Y., M.L. Truitt and I.C. Ho, GATA-3 deficiency abrogates the development and 
maintenance of T helper type 2 cells. Proc Natl Acad Sci U S A, 2004. 101(7): p. 
1993. 
47. Lin, J.X. and W.J. Leonard, The role of Stat5a and Stat5b in signaling by IL-2 family 
cytokines. Oncogene, 2000. 19(21): p. 2566. 
48. Darrah, P.A., D.T. Patel, P.M. De Luca, R.W. Lindsay, D.F. Davey, B.J. Flynn, S.T. 
Hoff, P. Andersen, S.G. Reed, S.L. Morris, M. Roederer and R.A. Seder, 
Multifunctional TH1 cells define a correlate of vaccine-mediated protection against 
Leishmania major. Nat Med, 2007. 13(7): p. 843. 
49. Mosmann, T.R. and R.L. Coffman, TH1 and TH2 cells: different patterns of 
lymphokine secretion lead to different functional properties. Annu Rev Immunol, 
1989. 7: p. 145. 
50. Suzuki, Y., M.A. Orellana, R.D. Schreiber and J.S. Remington, Interferon-gamma: the 
major mediator of resistance against Toxoplasma gondii. Science, 1988. 240(4851): 
p. 516. 
51. Williams, M.A., A.J. Tyznik and M.J. Bevan, Interleukin-2 signals during priming are 
required for secondary expansion of CD8+ memory T cells. Nature, 2006. 441(7095): 
p. 890. 
52. Abbas, A.K., K.M. Murphy and A. Sher, Functional diversity of helper T lymphocytes. 
Nature, 1996. 383(6603): p. 787. 
53. Coffman, R.L., B.W. Seymour, S. Hudak, J. Jackson and D. Rennick, Antibody to 
interleukin-5 inhibits helminth-induced eosinophilia in mice. Science, 1989. 
245(4915): p. 308. 
54. Kopf, M., G. Le Gros, M. Bachmann, M.C. Lamers, H. Bluethmann and G. Kohler, 
Disruption of the murine IL-4 gene blocks Th2 cytokine responses. Nature, 1993. 
362(6417): p. 245. 
55. Paul, W.E. and R.A. Seder, Lymphocyte responses and cytokines. Cell, 1994. 76(2): 
p. 241. 
56. Wynn, T.A., IL-13 effector functions. Annu Rev Immunol, 2003. 21: p. 425. 
57. Moore, K.W., R. de Waal Malefyt, R.L. Coffman and A. O'Garra, Interleukin-10 and 
the interleukin-10 receptor. Annu Rev Immunol, 2001. 19: p. 683. 
58. Kelso, A., Th1 and Th2 subsets: paradigms lost? Immunol Today, 1995. 16(8): p. 
374. 
59. Fong, T.A. and T.R. Mosmann, The role of IFN-gamma in delayed-type 
hypersensitivity mediated by Th1 clones. J Immunol, 1989. 143(9): p. 2887. 
60. Robinson, D., Q. Hamid, A. Bentley, S. Ying, A.B. Kay and S.R. Durham, Activation of 
CD4+ T cells, increased TH2-type cytokine mRNA expression, and eosinophil 
recruitment in bronchoalveolar lavage after allergen inhalation challenge in patients 
with atopic asthma. J Allergy Clin Immunol, 1993. 92(2): p. 313. 
61. Ryan, K.J. and C.G. Ray, Sherris Medical Microbiology. 4th ed. 2004. 
62. Handman, E., R. Ceredig and G.F. Mitchell, Murine cutaneous leishmaniasis: disease 




differences between normal and infected macrophages. Aust J Exp Biol Med Sci, 
1979. 57(1): p. 9. 
63. Lanzavecchia, A. and F. Sallusto, Dynamics of T lymphocyte responses: 
intermediates, effectors, and memory cells. Science, 2000. 290(5489): p. 92. 
64. Lanzavecchia, A. and F. Sallusto, From synapses to immunological memory: the role 
of sustained T cell stimulation. Curr Opin Immunol, 2000. 12(1): p. 92. 
65. Zygmunt, B. and M. Veldhoen, T helper cell differentiation more than just cytokines. 
Adv Immunol, 2011. 109: p. 159. 
66. Peters, M., K. Dudziak, M. Stiehm and A. Bufe, T-cell polarization depends on 
concentration of the danger signal used to activate dendritic cells. Immunol Cell Biol, 
2010. 88(5): p. 537. 
67. Gajewski, T.F., J. Joyce and F.W. Fitch, Antiproliferative effect of IFN-gamma in 
immune regulation. III. Differential selection of TH1 and TH2 murine helper T 
lymphocyte clones using recombinant IL-2 and recombinant IFN-gamma. J Immunol, 
1989. 143(1): p. 15. 
68. Murphy, K.M. and S.L. Reiner, The lineage decisions of helper T cells. Nat Rev 
Immunol, 2002. 2(12): p. 933. 
69. Le Gros, G., S.Z. Ben-Sasson, R. Seder, F.D. Finkelman and W.E. Paul, Generation 
of interleukin 4 (IL-4)-producing cells in vivo and in vitro: IL-2 and IL-4 are required for 
in vitro generation of IL-4-producing cells. J Exp Med, 1990. 172(3): p. 921. 
70. Harrington, L.E., R.D. Hatton, P.R. Mangan, H. Turner, T.L. Murphy, K.M. Murphy 
and C.T. Weaver, Interleukin 17-producing CD4+ effector T cells develop via a 
lineage distinct from the T helper type 1 and 2 lineages. Nat Immunol, 2005. 6(11): p. 
1123. 
71. Huang, C.T., C.J. Workman, D. Flies, X. Pan, A.L. Marson, G. Zhou, E.L. Hipkiss, S. 
Ravi, J. Kowalski, H.I. Levitsky, J.D. Powell, D.M. Pardoll, C.G. Drake and D.A. 
Vignali, Role of LAG-3 in regulatory T cells. Immunity, 2004. 21(4): p. 503. 
72. Liang, B., C. Workman, J. Lee, C. Chew, B.M. Dale, L. Colonna, M. Flores, N. Li, E. 
Schweighoffer, S. Greenberg, V. Tybulewicz, D. Vignali and R. Clynes, Regulatory T 
cells inhibit dendritic cells by lymphocyte activation gene-3 engagement of MHC class 
II. J Immunol, 2008. 180(9): p. 5916. 
73. Yu, X., K. Harden, L.C. Gonzalez, M. Francesco, E. Chiang, B. Irving, I. Tom, S. 
Ivelja, C.J. Refino, H. Clark, D. Eaton and J.L. Grogan, The surface protein TIGIT 
suppresses T cell activation by promoting the generation of mature immunoregulatory 
dendritic cells. Nat Immunol, 2009. 10(1): p. 48. 
74. Pandiyan, P., L. Zheng, S. Ishihara, J. Reed and M.J. Lenardo, CD4+CD25+Foxp3+ 
regulatory T cells induce cytokine deprivation-mediated apoptosis of effector CD4+ T 
cells. Nat Immunol, 2007. 8(12): p. 1353. 
75. Li, M.O., Y.Y. Wan and R.A. Flavell, T cell-produced transforming growth factor-beta1 
controls T cell tolerance and regulates Th1- and Th17-cell differentiation. Immunity, 
2007. 26(5): p. 579. 
76. von Boehmer, H., Mechanisms of suppression by suppressor T cells. Nat Immunol, 
2005. 6(4): p. 338. 
77. Jorritsma, P.J., J.L. Brogdon and K. Bottomly, Role of TCR-induced extracellular 
signal-regulated kinase activation in the regulation of early IL-4 expression in naive 
CD4+ T cells. J Immunol, 2003. 170(5): p. 2427. 
78. Kuchroo, V.K., M.P. Das, J.A. Brown, A.M. Ranger, S.S. Zamvil, R.A. Sobel, H.L. 
Weiner, N. Nabavi and L.H. Glimcher, B7-1 and B7-2 costimulatory molecules 
activate differentially the Th1/Th2 developmental pathways: application to 
autoimmune disease therapy. Cell, 1995. 80(5): p. 707. 
79. Pfeiffer, C., J. Stein, S. Southwood, H. Ketelaar, A. Sette and K. Bottomly, Altered 
peptide ligands can control CD4 T lymphocyte differentiation in vivo. J Exp Med, 
1995. 181(4): p. 1569. 
80. Tao, X., C. Grant, S. Constant and K. Bottomly, Induction of IL-4-producing CD4+ T 




81. Blander, J.M., D.B. Sant'Angelo, K. Bottomly and C.A. Janeway, Jr., Alteration at a 
single amino acid residue in the T cell receptor alpha chain complementarity 
determining region 2 changes the differentiation of naive CD4 T cells in response to 
antigen from T helper cell type 1 (Th1) to Th2. J Exp Med, 2000. 191(12): p. 2065. 
82. Constant, S., C. Pfeiffer, A. Woodard, T. Pasqualini and K. Bottomly, Extent of T cell 
receptor ligation can determine the functional differentiation of naive CD4+ T cells. J 
Exp Med, 1995. 182(5): p. 1591. 
83. Hosken, N.A., K. Shibuya, A.W. Heath, K.M. Murphy and A. O'Garra, The effect of 
antigen dose on CD4+ T helper cell phenotype development in a T cell receptor-alpha 
beta-transgenic model. J Exp Med, 1995. 182(5): p. 1579. 
84. Yamane, H., J. Zhu and W.E. Paul, Independent roles for IL-2 and GATA-3 in 
stimulating naive CD4+ T cells to generate a Th2-inducing cytokine environment. J 
Exp Med, 2005. 202(6): p. 793. 
85. Chaturvedi, P., Q. Yu, S. Southwood, A. Sette and B. Singh, Peptide analogs with 
different affinites for MHC alter the cytokine profile of T helper cells. Int Immunol, 
1996. 8(5): p. 745. 
86. Eisenbarth, S.C., D.A. Piggott, J.W. Huleatt, I. Visintin, C.A. Herrick and K. Bottomly, 
Lipopolysaccharide-enhanced, toll-like receptor 4-dependent T helper cell type 2 
responses to inhaled antigen. J Exp Med, 2002. 196(12): p. 1645. 
87. Liang, S.C., A.J. Long, F. Bennett, M.J. Whitters, R. Karim, M. Collins, S.J. Goldman, 
K. Dunussi-Joannopoulos, C.M. Williams, J.F. Wright and L.A. Fouser, An IL-17F/A 
heterodimer protein is produced by mouse Th17 cells and induces airway neutrophil 
recruitment. J Immunol, 2007. 179(11): p. 7791. 
88. Kolls, J.K. and A. Linden, Interleukin-17 family members and inflammation. Immunity, 
2004. 21(4): p. 467. 
89. Ivanov, II, B.S. McKenzie, L. Zhou, C.E. Tadokoro, A. Lepelley, J.J. Lafaille, D.J. Cua 
and D.R. Littman, The orphan nuclear receptor RORgammat directs the 
differentiation program of proinflammatory IL-17+ T helper cells. Cell, 2006. 126(6): p. 
1121. 
90. Harris, T.J., J.F. Grosso, H.R. Yen, H. Xin, M. Kortylewski, E. Albesiano, E.L. Hipkiss, 
D. Getnet, M.V. Goldberg, C.H. Maris, F. Housseau, H. Yu, D.M. Pardoll and C.G. 
Drake, Cutting edge: An in vivo requirement for STAT3 signaling in TH17 
development and TH17-dependent autoimmunity. J Immunol, 2007. 179(7): p. 4313. 
91. Laurence, A., C.M. Tato, T.S. Davidson, Y. Kanno, Z. Chen, Z. Yao, R.B. Blank, F. 
Meylan, R. Siegel, L. Hennighausen, E.M. Shevach and J. O'Shea J, Interleukin-2 
signaling via STAT5 constrains T helper 17 cell generation. Immunity, 2007. 26(3): p. 
371. 
92. Mathur, A.N., H.C. Chang, D.G. Zisoulis, G.L. Stritesky, Q. Yu, J.T. O'Malley, R. 
Kapur, D.E. Levy, G.S. Kansas and M.H. Kaplan, Stat3 and Stat4 direct development 
of IL-17-secreting Th cells. J Immunol, 2007. 178(8): p. 4901. 
93. Yao, Z., W.C. Fanslow, M.F. Seldin, A.M. Rousseau, S.L. Painter, M.R. Comeau, J.I. 
Cohen and M.K. Spriggs, Herpesvirus Saimiri encodes a new cytokine, IL-17, which 
binds to a novel cytokine receptor. Immunity, 1995. 3(6): p. 811. 
94. Haudenschild, D., T. Moseley, L. Rose and A.H. Reddi, Soluble and transmembrane 
isoforms of novel interleukin-17 receptor-like protein by RNA splicing and expression 
in prostate cancer. J Biol Chem, 2002. 277(6): p. 4309. 
95. Ishigame, H., S. Kakuta, T. Nagai, M. Kadoki, A. Nambu, Y. Komiyama, N. Fujikado, 
Y. Tanahashi, A. Akitsu, H. Kotaki, K. Sudo, S. Nakae, C. Sasakawa and Y. Iwakura, 
Differential roles of interleukin-17A and -17F in host defense against mucoepithelial 
bacterial infection and allergic responses. Immunity, 2009. 30(1): p. 108. 
96. Liang, S.C., X.Y. Tan, D.P. Luxenberg, R. Karim, K. Dunussi-Joannopoulos, M. 
Collins and L.A. Fouser, Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells 
and cooperatively enhance expression of antimicrobial peptides. J Exp Med, 2006. 




97. Zheng, Y., D.M. Danilenko, P. Valdez, I. Kasman, J. Eastham-Anderson, J. Wu and 
W. Ouyang, Interleukin-22, a T(H)17 cytokine, mediates IL-23-induced dermal 
inflammation and acanthosis. Nature, 2007. 445(7128): p. 648. 
98. Zenewicz, L.A., G.D. Yancopoulos, D.M. Valenzuela, A.J. Murphy, M. Karow and 
R.A. Flavell, Interleukin-22 but not interleukin-17 provides protection to hepatocytes 
during acute liver inflammation. Immunity, 2007. 27(4): p. 647. 
99. Pickert, G., C. Neufert, M. Leppkes, Y. Zheng, N. Wittkopf, M. Warntjen, H.A. Lehr, S. 
Hirth, B. Weigmann, S. Wirtz, W. Ouyang, M.F. Neurath and C. Becker, STAT3 links 
IL-22 signaling in intestinal epithelial cells to mucosal wound healing. J Exp Med, 
2009. 206(7): p. 1465. 
100. Ouyang, W., J.K. Kolls and Y. Zheng, The biological functions of T helper 17 cell 
effector cytokines in inflammation. Immunity, 2008. 28(4): p. 454. 
101. Lubberts, E., L.A. Joosten, B. Oppers, L. van den Bersselaar, C.J. Coenen-de Roo, 
J.K. Kolls, P. Schwarzenberger, F.A. van de Loo and W.B. van den Berg, IL-1-
independent role of IL-17 in synovial inflammation and joint destruction during 
collagen-induced arthritis. J Immunol, 2001. 167(2): p. 1004. 
102. Lundy, S.K., S. Sarkar, L.A. Tesmer and D.A. Fox, Cells of the synovium in 
rheumatoid arthritis. T lymphocytes. Arthritis Res Ther, 2007. 9(1): p. 202. 
103. Shahrara, S., S.R. Pickens, A. Dorfleutner and R.M. Pope, IL-17 induces monocyte 
migration in rheumatoid arthritis. J Immunol, 2009. 182(6): p. 3884. 
104. Hofstetter, H.H., S.M. Ibrahim, D. Koczan, N. Kruse, A. Weishaupt, K.V. Toyka and R. 
Gold, Therapeutic efficacy of IL-17 neutralization in murine experimental autoimmune 
encephalomyelitis. Cell Immunol, 2005. 237(2): p. 123. 
105. Komiyama, Y., S. Nakae, T. Matsuki, A. Nambu, H. Ishigame, S. Kakuta, K. Sudo and 
Y. Iwakura, IL-17 plays an important role in the development of experimental 
autoimmune encephalomyelitis. J Immunol, 2006. 177(1): p. 566. 
106. Langrish, C.L., Y. Chen, W.M. Blumenschein, J. Mattson, B. Basham, J.D. Sedgwick, 
T. McClanahan, R.A. Kastelein and D.J. Cua, IL-23 drives a pathogenic T cell 
population that induces autoimmune inflammation. J Exp Med, 2005. 201(2): p. 233. 
107. Park, H., Z. Li, X.O. Yang, S.H. Chang, R. Nurieva, Y.H. Wang, Y. Wang, L. Hood, Z. 
Zhu, Q. Tian and C. Dong, A distinct lineage of CD4 T cells regulates tissue 
inflammation by producing interleukin 17. Nat Immunol, 2005. 6(11): p. 1133. 
108. Yang, X.O., S.H. Chang, H. Park, R. Nurieva, B. Shah, L. Acero, Y.H. Wang, K.S. 
Schluns, R.R. Broaddus, Z. Zhu and C. Dong, Regulation of inflammatory responses 
by IL-17F. J Exp Med, 2008. 205(5): p. 1063. 
109. Kebir, H., K. Kreymborg, I. Ifergan, A. Dodelet-Devillers, R. Cayrol, M. Bernard, F. 
Giuliani, N. Arbour, B. Becher and A. Prat, Human TH17 lymphocytes promote blood-
brain barrier disruption and central nervous system inflammation. Nat Med, 2007. 
13(10): p. 1173. 
110. Fujino, S., A. Andoh, S. Bamba, A. Ogawa, K. Hata, Y. Araki, T. Bamba and Y. 
Fujiyama, Increased expression of interleukin 17 in inflammatory bowel disease. Gut, 
2003. 52(1): p. 65. 
111. Sugihara, T., A. Kobori, H. Imaeda, T. Tsujikawa, K. Amagase, K. Takeuchi, Y. 
Fujiyama and A. Andoh, The increased mucosal mRNA expressions of complement 
C3 and interleukin-17 in inflammatory bowel disease. Clin Exp Immunol, 2010. 
160(3): p. 386. 
112. Ito, R., M. Kita, M. Shin-Ya, T. Kishida, A. Urano, R. Takada, J. Sakagami, J. 
Imanishi, Y. Iwakura, T. Okanoue, T. Yoshikawa, K. Kataoka and O. Mazda, 
Involvement of IL-17A in the pathogenesis of DSS-induced colitis in mice. Biochem 
Biophys Res Commun, 2008. 377(1): p. 12. 
113. Ogawa, A., A. Andoh, Y. Araki, T. Bamba and Y. Fujiyama, Neutralization of 
interleukin-17 aggravates dextran sulfate sodium-induced colitis in mice. Clin 
Immunol, 2004. 110(1): p. 55. 
114. Ivanov, II, L. Frutos Rde, N. Manel, K. Yoshinaga, D.B. Rifkin, R.B. Sartor, B.B. Finlay 




helper cells in the mucosa of the small intestine. Cell Host Microbe, 2008. 4(4): p. 
337. 
115. van de Veerdonk, F.L., M.S. Gresnigt, B.J. Kullberg, J.W. van der Meer, L.A. Joosten 
and M.G. Netea, Th17 responses and host defense against microorganisms: an 
overview. BMB Rep, 2009. 42(12): p. 776. 
116. Huang, W., L. Na, P.L. Fidel and P. Schwarzenberger, Requirement of interleukin-
17A for systemic anti-Candida albicans host defense in mice. J Infect Dis, 2004. 
190(3): p. 624. 
117. Eyerich, K., S. Foerster, S. Rombold, H.P. Seidl, H. Behrendt, H. Hofmann, J. Ring 
and C. Traidl-Hoffmann, Patients with chronic mucocutaneous candidiasis exhibit 
reduced production of Th17-associated cytokines IL-17 and IL-22. J Invest Dermatol, 
2008. 128(11): p. 2640. 
118. Grimbacher, B., S.M. Holland, J.I. Gallin, F. Greenberg, S.C. Hill, H.L. Malech, J.A. 
Miller, A.C. O'Connell and J.M. Puck, Hyper-IgE syndrome with recurrent infections--
an autosomal dominant multisystem disorder. N Engl J Med, 1999. 340(9): p. 692. 
119. Burchill, M.A., D.T. Nardelli, D.M. England, D.J. DeCoster, J.A. Christopherson, S.M. 
Callister and R.F. Schell, Inhibition of interleukin-17 prevents the development of 
arthritis in vaccinated mice challenged with Borrelia burgdorferi. Infect Immun, 2003. 
71(6): p. 3437. 
120. Infante-Duarte, C., H.F. Horton, M.C. Byrne and T. Kamradt, Microbial lipopeptides 
induce the production of IL-17 in Th cells. J Immunol, 2000. 165(11): p. 6107. 
121. Knauer, J., S. Siegemund, U. Muller, S. Al-Robaiy, R.A. Kastelein, G. Alber and R.K. 
Straubinger, Borrelia burgdorferi potently activates bone marrow-derived conventional 
dendritic cells for production of IL-23 required for IL-17 release by T cells. FEMS 
Immunol Med Microbiol, 2007. 49(3): p. 353. 
122. Aujla, S.J., Y.R. Chan, M. Zheng, M. Fei, D.J. Askew, D.A. Pociask, T.A. Reinhart, F. 
McAllister, J. Edeal, K. Gaus, S. Husain, J.L. Kreindler, P.J. Dubin, J.M. Pilewski, 
M.M. Myerburg, C.A. Mason, Y. Iwakura and J.K. Kolls, IL-22 mediates mucosal host 
defense against Gram-negative bacterial pneumonia. Nat Med, 2008. 14(3): p. 275. 
123. Happel, K.I., P.J. Dubin, M. Zheng, N. Ghilardi, C. Lockhart, L.J. Quinton, A.R. 
Odden, J.E. Shellito, G.J. Bagby, S. Nelson and J.K. Kolls, Divergent roles of IL-23 
and IL-12 in host defense against Klebsiella pneumoniae. J Exp Med, 2005. 202(6): 
p. 761. 
124. Ye, P., P.B. Garvey, P. Zhang, S. Nelson, G. Bagby, W.R. Summer, P. 
Schwarzenberger, J.E. Shellito and J.K. Kolls, Interleukin-17 and lung host defense 
against Klebsiella pneumoniae infection. Am J Respir Cell Mol Biol, 2001. 25(3): p. 
335. 
125. McKinstry, K.K., T.M. Strutt, A. Buck, J.D. Curtis, J.P. Dibble, G. Huston, M. Tighe, H. 
Hamada, S. Sell, R.W. Dutton and S.L. Swain, IL-10 deficiency unleashes an 
influenza-specific Th17 response and enhances survival against high-dose challenge. 
J Immunol, 2009. 182(12): p. 7353. 
126. Korn, T., E. Bettelli, W. Gao, A. Awasthi, A. Jager, T.B. Strom, M. Oukka and V.K. 
Kuchroo, IL-21 initiates an alternative pathway to induce proinflammatory T(H)17 
cells. Nature, 2007. 448(7152): p. 484. 
127. Martin, B., K. Hirota, D.J. Cua, B. Stockinger and M. Veldhoen, Interleukin-17-
producing gammadelta T cells selectively expand in response to pathogen products 
and environmental signals. Immunity, 2009. 31(2): p. 321. 
128. Bi, Y., G. Liu and R. Yang, Th17 cell induction and immune regulatory effects. J Cell 
Physiol, 2007. 211(2): p. 273. 
129. Nurieva, R., X.O. Yang, G. Martinez, Y. Zhang, A.D. Panopoulos, L. Ma, K. Schluns, 
Q. Tian, S.S. Watowich, A.M. Jetten and C. Dong, Essential autocrine regulation by 
IL-21 in the generation of inflammatory T cells. Nature, 2007. 448(7152): p. 480. 
130. Wei, L., A. Laurence, K.M. Elias and J.J. O'Shea, IL-21 is produced by Th17 cells and 





131. McGeachy, M.J., Y. Chen, C.M. Tato, A. Laurence, B. Joyce-Shaikh, W.M. 
Blumenschein, T.K. McClanahan, J.J. O'Shea and D.J. Cua, The interleukin 23 
receptor is essential for the terminal differentiation of interleukin 17-producing effector 
T helper cells in vivo. Nat Immunol, 2009. 10(3): p. 314. 
132. Bi, Y., G. Liu and R. Yang, Reciprocal modulation between TH17 and other helper T 
cell lineages. J Cell Physiol, 2011. 226(1): p. 8. 
133. Damsker, J.M., A.M. Hansen and R.R. Caspi, Th1 and Th17 cells: adversaries and 
collaborators. Ann N Y Acad Sci, 2010. 1183: p. 211. 
134. Ramgolam, V.S., Y. Sha, J. Jin, X. Zhang and S. Markovic-Plese, IFN-beta inhibits 
human Th17 cell differentiation. J Immunol, 2009. 183(8): p. 5418. 
135. Coombes, J.L., K.R. Siddiqui, C.V. Arancibia-Carcamo, J. Hall, C.M. Sun, Y. Belkaid 
and F. Powrie, A functionally specialized population of mucosal CD103+ DCs induces 
Foxp3+ regulatory T cells via a TGF-beta and retinoic acid-dependent mechanism. J 
Exp Med, 2007. 204(8): p. 1757. 
136. Osanai, M., N. Nishikiori, M. Murata, H. Chiba, T. Kojima and N. Sawada, Cellular 
retinoic acid bioavailability determines epithelial integrity: Role of retinoic acid 
receptor alpha agonists in colitis. Mol Pharmacol, 2007. 71(1): p. 250. 
137. Sun, C.M., J.A. Hall, R.B. Blank, N. Bouladoux, M. Oukka, J.R. Mora and Y. Belkaid, 
Small intestine lamina propria dendritic cells promote de novo generation of Foxp3 T 
reg cells via retinoic acid. J Exp Med, 2007. 204(8): p. 1775. 
138. Xiao, S., H. Jin, T. Korn, S.M. Liu, M. Oukka, B. Lim and V.K. Kuchroo, Retinoic acid 
increases Foxp3+ regulatory T cells and inhibits development of Th17 cells by 
enhancing TGF-beta-driven Smad3 signaling and inhibiting IL-6 and IL-23 receptor 
expression. J Immunol, 2008. 181(4): p. 2277. 
139. Schambach, F., M. Schupp, M.A. Lazar and S.L. Reiner, Activation of retinoic acid 
receptor-alpha favours regulatory T cell induction at the expense of IL-17-secreting T 
helper cell differentiation. Eur J Immunol, 2007. 37(9): p. 2396. 
140. Veldhoen, M., K. Hirota, J. Christensen, A. O'Garra and B. Stockinger, Natural 
agonists for aryl hydrocarbon receptor in culture medium are essential for optimal 
differentiation of Th17 T cells. J Exp Med, 2009. 206(1): p. 43. 
141. Bouguermouh, S., G. Fortin, N. Baba, M. Rubio and M. Sarfati, CD28 co-stimulation 
down regulates Th17 development. PLoS One, 2009. 4(3): p. e5087. 
142. Zygmunt, B.M., F. Rharbaoui, L. Groebe and C.A. Guzman, Intranasal immunization 
promotes th17 immune responses. J Immunol, 2009. 183(11): p. 6933. 
143. Furio, L., I. Briotet, A. Journeaux, H. Billard and J. Peguet-Navarro, Human 
langerhans cells are more efficient than CD14(-)CD1c(+) dermal dendritic cells at 
priming naive CD4(+) T cells. J Invest Dermatol, 2010. 130(5): p. 1345. 
144. Kim, J., A.C. Myers, L. Chen, D.M. Pardoll, Q.A. Truong-Tran, A.P. Lane, J.F. 
McDyer, L. Fortuno and R.P. Schleimer, Constitutive and inducible expression of b7 
family of ligands by human airway epithelial cells. Am J Respir Cell Mol Biol, 2005. 
33(3): p. 280. 
145. Perona-Wright, G., S.J. Jenkins, R.A. O'Connor, D. Zienkiewicz, H.J. McSorley, R.M. 
Maizels, S.M. Anderton and A.S. MacDonald, A pivotal role for CD40-mediated IL-6 
production by dendritic cells during IL-17 induction in vivo. J Immunol, 2009. 182(5): 
p. 2808. 
146. Campbell, K.A., P.J. Ovendale, M.K. Kennedy, W.C. Fanslow, S.G. Reed and C.R. 
Maliszewski, CD40 ligand is required for protective cell-mediated immunity to 
Leishmania major. Immunity, 1996. 4(3): p. 283. 
147. Cella, M., D. Scheidegger, K. Palmer-Lehmann, P. Lane, A. Lanzavecchia and G. 
Alber, Ligation of CD40 on dendritic cells triggers production of high levels of 
interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC activation. 
J Exp Med, 1996. 184(2): p. 747. 
148. Ruedl, C., M.F. Bachmann and M. Kopf, The antigen dose determines T helper 





149. Gomez-Rodriguez, J., N. Sahu, R. Handon, T.S. Davidson, S.M. Anderson, M.R. 
Kirby, A. August and P.L. Schwartzberg, Differential expression of interleukin-17A 
and -17F is coupled to T cell receptor signaling via inducible T cell kinase. Immunity, 
2009. 31(4): p. 587. 
150. Iezzi, G., I. Sonderegger, F. Ampenberger, N. Schmitz, B.J. Marsland and M. Kopf, 
CD40-CD40L cross-talk integrates strong antigenic signals and microbial stimuli to 
induce development of IL-17-producing CD4+ T cells. Proc Natl Acad Sci U S A, 
2009. 106(3): p. 876. 
151. Purvis, H.A., J.N. Stoop, J. Mann, S. Woods, A.E. Kozijn, S. Hambleton, J.H. 
Robinson, J.D. Isaacs, A.E. Anderson and C.M. Hilkens, Low-strength T-cell 
activation promotes Th17 responses. Blood, 2010. 116(23): p. 4829. 
152. Watson, A.R. and W.T. Lee, Defective T cell receptor-mediated signal transduction in 
memory CD4 T lymphocytes exposed to superantigen or anti-T cell receptor 
antibodies. Cell Immunol, 2006. 242(2): p. 80. 
153. WHO, Cause-specific mortality, 2008, global_burden_disease_DTH6_2008, Editor. 
2008, WHO. 
154. Fauci, A.S., Emerging infectious diseases: a clear and present danger to humanity. 
Jama, 2004. 292(15): p. 1887. 
155. Fauci, A.S., N.A. Touchette and G.K. Folkers, Emerging infectious diseases: a 10-
year perspective from the National Institute of Allergy and Infectious Diseases. Emerg 
Infect Dis, 2005. 11(4): p. 519. 
156. Morens, D.M., G.K. Folkers and A.S. Fauci, The challenge of emerging and re-
emerging infectious diseases. Nature, 2004. 430(6996): p. 242. 
157. Parkin, D.M., 11. Cancers attributable to infection in the UK in 2010. Br J Cancer, 
2011. 105 Suppl 2: p. S49. 
158. Simon, A., K. Beutel, G. Marklein and G. Fleischhack, [Bacterial infections in pediatric 
cancer patients]. Klin Padiatr, 2005. 217 Suppl 1: p. S17. 
159. Taylor, K., A. Nguyen and J. Stephenne, The need for new vaccines. Vaccine, 2009. 
27 Suppl 6: p. G3. 
160. Ahmed, N. and S. Gottschalk, How to design effective vaccines: lessons from an old 
success story. Expert Rev Vaccines, 2009. 8(5): p. 543. 
161. Bailey, I., Edward Jenner (1749-1823): naturalist, scientist, country doctor, benefactor 
to mankind. J Med Biogr, 1996. 4(2): p. 63. 
162. Razzell, P.E., Edward Jenner: The History of a Medical Myth. Med Hist, 1965. 9: p. 
216. 
163. Riedel, S., Edward Jenner and the history of smallpox and vaccination. Proc (Bayl 
Univ Med Cent), 2005. 18(1): p. 21. 
164. Saliou, P. and M. Girard, [From Jenner and Pasteur to vaccinology]. Therapie, 2005. 
60(3): p. 201. 
165. Orenstein W.A., P.S.A., Vaccines. fouth ed. A short history of vaccination. 2000. 
166. Normile, D., Animal science. Rinderpest, deadly for cattle, joins smallpox as a 
vanquished disease. Science, 2010. 330(6003): p. 435. 
167. Makela, P.H., Vaccines, coming of age after 200 years. FEMS Microbiol Rev, 2000. 
24(1): p. 9. 
168. CDC. http://www.cdc.gov/vaccines/.  2011  [cited. 
169. Ebensen, T.L., C. Guzmán, CA., Classical Bacterial Vaccines, in Novel vaccination 
strategies. 2004. 
170. Eckels, K.H. and R. Putnak, Formalin-inactivated whole virus and recombinant 
subunit flavivirus vaccines. Adv Virus Res, 2003. 61: p. 395. 
171. Kaminski, R.W. and E.V. Oaks, Inactivated and subunit vaccines to prevent 
shigellosis. Expert Rev Vaccines, 2009. 8(12): p. 1693. 
172. Reed, S.G., S. Bertholet, R.N. Coler and M. Friede, New horizons in adjuvants for 
vaccine development. Trends Immunol, 2009. 30(1): p. 23. 
173. Geeraedts, F. and A. Huckriede, Influenza vaccines: what do we want and how can 




174. Wilson-Welder, J.H., M.P. Torres, M.J. Kipper, S.K. Mallapragada, M.J. 
Wannemuehler and B. Narasimhan, Vaccine adjuvants: current challenges and future 
approaches. J Pharm Sci, 2009. 98(4): p. 1278. 
175. Belyakov, I.M. and J.D. Ahlers, What role does the route of immunization play in the 
generation of protective immunity against mucosal pathogens? J Immunol, 2009. 
183(11): p. 6883. 
176. Davis, S.S., Nasal vaccines. Adv Drug Deliv Rev, 2001. 51(1-3): p. 21. 
177. Dupuy, C., D. Buzoni-Gatel, A. Touze, D. Bout and P. Coursaget, Nasal immunization 
of mice with human papillomavirus type 16 (HPV-16) virus-like particles or with the 
HPV-16 L1 gene elicits specific cytotoxic T lymphocytes in vaginal draining lymph 
nodes. J Virol, 1999. 73(11): p. 9063. 
178. Harandi, A.M., J. Sanchez, K. Eriksson and J. Holmgren, Recent developments in 
mucosal immunomodulatory adjuvants. Curr Opin Investig Drugs, 2003. 4(2): p. 156. 
179. Yuki, Y. and H. Kiyono, Mucosal vaccines: novel advances in technology and 
delivery. Expert Rev Vaccines, 2009. 8(8): p. 1083. 
180. Yuki, Y., T. Nochi and H. Kiyono, Progress towards an AIDS mucosal vaccine: an 
overview. Tuberculosis (Edinb), 2007. 87 Suppl 1: p. S35. 
181. Belshe, R.B., K.M. Edwards, T. Vesikari, S.V. Black, R.E. Walker, M. Hultquist, G. 
Kemble and E.M. Connor, Live attenuated versus inactivated influenza vaccine in 
infants and young children. N Engl J Med, 2007. 356(7): p. 685. 
182. Zakay-Rones, Z., Human influenza vaccines and assessment of immunogenicity. 
Expert Rev Vaccines, 2010. 9(12): p. 1423. 
183. Del Giudice, G., M. Pizza and R. Rappuoli, Mucosal delivery of vaccines. Methods, 
1999. 19(1): p. 148. 
184. Vogel, F.R., Adjuvants in perspective. Dev Biol Stand, 1998. 92: p. 241. 
185. Guy, B. and N. Burdin, New adjuvants for parenteral and mucosal vaccines. 
Therapie, 2005. 60(3): p. 235. 
186. Edelman, R., The development and use of vaccine adjuvants. Mol Biotechnol, 2002. 
21(2): p. 129. 
187. Aguilar, J.C. and E.G. Rodriguez, Vaccine adjuvants revisited. Vaccine, 2007. 25(19): 
p. 3752. 
188. Borsutzky, S., V. Fiorelli, T. Ebensen, A. Tripiciano, F. Rharbaoui, A. Scoglio, C. Link, 
F. Nappi, M. Morr, S. Butto, A. Cafaro, P.F. Muhlradt, B. Ensoli and C.A. Guzman, 
Efficient mucosal delivery of the HIV-1 Tat protein using the synthetic lipopeptide 
MALP-2 as adjuvant. Eur J Immunol, 2003. 33(6): p. 1548. 
189. Jorgens, G., F.C. Bange, P.F. Muhlradt, R. Pabst, U.A. Maus and T. Tschernig, 
Synthetic lipopeptide MALP-2 inhibits intracellular growth of Mycobacterium bovis 
BCG in alveolar macrophages-preliminary data. Inflammation, 2009. 32(4): p. 247. 
190. Niebuhr, M., P.F. Muhlradt, M. Wittmann, A. Kapp and T. Werfel, Intracutaneous 
injection of the macrophage-activating lipopeptide-2 (MALP-2) which accelerates 
wound healing in mice--a phase I trial in 12 patients. Exp Dermatol, 2008. 17(12): p. 
1052. 
191. VACCINES, I.S.  2012  [cited; Available from: 
http://www.intercell.com/de/home/forvaccperts/technologien/adjuvant-ic31R/. 
192. Kobayashi, E., K. Motoki, T. Uchida, H. Fukushima and Y. Koezuka, KRN7000, a 
novel immunomodulator, and its antitumor activities. Oncol Res, 1995. 7(10-11): p. 
529. 
193. Ebensen, T., C. Link, P. Riese, K. Schulze, M. Morr and C.A. Guzman, A pegylated 
derivative of alpha-galactosylceramide exhibits improved biological properties. J 
Immunol, 2007. 179(4): p. 2065. 
194. Kawano, T., J. Cui, Y. Koezuka, I. Toura, Y. Kaneko, K. Motoki, H. Ueno, R. 
Nakagawa, H. Sato, E. Kondo, H. Koseki and M. Taniguchi, CD1d-restricted and 
TCR-mediated activation of valpha14 NKT cells by glycosylceramides. Science, 




195. Sekine, K., H. Fujii, F. Abe and K. Nishikawa, Augmentation of death ligand-induced 
apoptosis by aminopeptidase inhibitors in human solid tumor cell lines. Int J Cancer, 
2001. 94(4): p. 485. 
196. Sharif, S., G.A. Arreaza, P. Zucker and T.L. Delovitch, Regulatory natural killer T cells 
protect against spontaneous and recurrent type 1 diabetes. Ann N Y Acad Sci, 2002. 
958: p. 77. 
197. Sharif, S., G.A. Arreaza, P. Zucker, Q.S. Mi, J. Sondhi, O.V. Naidenko, M. 
Kronenberg, Y. Koezuka, T.L. Delovitch, J.M. Gombert, M. Leite-De-Moraes, C. 
Gouarin, R. Zhu, A. Hameg, T. Nakayama, M. Taniguchi, F. Lepault, A. Lehuen, J.F. 
Bach and A. Herbelin, Activation of natural killer T cells by alpha-galactosylceramide 
treatment prevents the onset and recurrence of autoimmune Type 1 diabetes. Nat 
Med, 2001. 7(9): p. 1057. 
198. Singh, A.K., M.T. Wilson, S. Hong, D. Olivares-Villagomez, C. Du, A.K. Stanic, S. 
Joyce, S. Sriram, Y. Koezuka and L. Van Kaer, Natural killer T cell activation protects 
mice against experimental autoimmune encephalomyelitis. J Exp Med, 2001. 
194(12): p. 1801. 
199. Yoshimoto, T., A. Bendelac, C. Watson, J. Hu-Li and W.E. Paul, Role of NK1.1+ T 
cells in a TH2 response and in immunoglobulin E production. Science, 1995. 
270(5243): p. 1845. 
200. Ebensen, T., R. Libanova, K. Schulze, T. Yevsa, M. Morr and C.A. Guzman, Bis-
(3',5')-cyclic dimeric adenosine monophosphate: strong Th1/Th2/Th17 promoting 
mucosal adjuvant. Vaccine, 2011. 29(32): p. 5210. 
201. Libanova, R., P.D. Becker and C.A. Guzman, Cyclic di-nucleotides: new era for small 
molecules as adjuvants. Microb Biotechnol, 2011. 
202. Libanova, R., T. Ebensen, K. Schulze, D. Bruhn, M. Norder, T. Yevsa, M. Morr and 
C.A. Guzman, The member of the cyclic di-nucleotide family bis-(3', 5')-cyclic dimeric 
inosine monophosphate exerts potent activity as mucosal adjuvant. Vaccine, 2010. 
28(10): p. 2249. 
203. Romling, U., Great times for small molecules: c-di-AMP, a second messenger 
candidate in Bacteria and Archaea. Sci Signal, 2008. 1(33): p. pe39. 
204. Burdette, D.L., K.M. Monroe, K. Sotelo-Troha, J.S. Iwig, B. Eckert, M. Hyodo, Y. 
Hayakawa and R.E. Vance, STING is a direct innate immune sensor of cyclic di-
GMP. Nature, 2011. 478(7370): p. 515. 
205. Huckriede, A., L. Bungener, T. Stegmann, T. Daemen, J. Medema, A.M. Palache and 
J. Wilschut, The virosome concept for influenza vaccines. Vaccine, 2005. 23 Suppl 1: 
p. S26. 
206. Pedersen, G.K., T. Ebensen, I.H. Gjeraker, S. Svindland, G. Bredholt, C.A. Guzman 
and R.J. Cox, Evaluation of the sublingual route for administration of influenza H5N1 
virosomes in combination with the bacterial second messenger c-di-GMP. PLoS One, 
2011. 6(11): p. e26973. 
207. Cox, R.J., G. Pedersen, A.S. Madhun, S. Svindland, M. Saevik, L. Breakwell, K. 
Hoschler, M. Willemsen, L. Campitelli, J.K. Nostbakken, G.J. Weverling, J. Klap, K.C. 
McCullough, M. Zambon, R. Kompier and H. Sjursen, Evaluation of a virosomal H5N1 
vaccine formulated with Matrix M adjuvant in a phase I clinical trial. Vaccine, 2011. 
29(45): p. 8049. 
208. Harvey, R., K.A. Guilfoyle, S. Roseby, J.S. Robertson and O.G. Engelhardt, Improved 
antigen yield in pandemic H1N1 (2009) candidate vaccine viruses with chimeric 
hemagglutinin molecules. J Virol, 2011. 85(12): p. 6086. 
209. Murphy, K.M., A.B. Heimberger and D.Y. Loh, Induction by antigen of intrathymic 
apoptosis of CD4+CD8+TCRlo thymocytes in vivo. Science, 1990. 250(4988): p. 
1720. 
210. Barnden, M.J., J. Allison, W.R. Heath and F.R. Carbone, Defective TCR expression 
in transgenic mice constructed using cDNA-based alpha- and beta-chain genes under 





211. Bot, A., S. Casares, S. Bot, H. von Boehmer and C. Bona, Cellular mechanisms 
involved in protection against influenza virus infection in transgenic mice expressing a 
TCR receptor specific for class II hemagglutinin peptide in CD4+ and CD8+ T cells. J 
Immunol, 1998. 160(9): p. 4500. 
212. Laboratories, J. Thy1.1 mice.  2012  [cited; Available from: 
http://jaxmice.jax.org/strain/000406.html. 
213. Cui, J., T. Shin, T. Kawano, H. Sato, E. Kondo, I. Toura, Y. Kaneko, H. Koseki, M. 
Kanno and M. Taniguchi, Requirement for Valpha14 NKT cells in IL-12-mediated 
rejection of tumors. Science, 1997. 278(5343): p. 1623. 
214. Parish, C.R., Fluorescent dyes for lymphocyte migration and proliferation studies. 
Immunol Cell Biol, 1999. 77(6): p. 499. 
215. Robertson, J.M., P.E. Jensen and B.D. Evavold, DO11.10 and OT-II T cells recognize 
a C-terminal ovalbumin 323-339 epitope. J Immunol, 2000. 164(9): p. 4706. 
216. Matsushita, T., [Multiple sclerosis: current therapies and future perspectives]. Nihon 
Rinsho, 2011. 69(11): p. 2077. 
217. Axtell, R.C., B.A. de Jong, K. Boniface, L.F. van der Voort, R. Bhat, P. De Sarno, R. 
Naves, M. Han, F. Zhong, J.G. Castellanos, R. Mair, A. Christakos, I. Kolkowitz, L. 
Katz, J. Killestein, C.H. Polman, R. de Waal Malefyt, L. Steinman and C. Raman, T 
helper type 1 and 17 cells determine efficacy of interferon-beta in multiple sclerosis 
and experimental encephalomyelitis. Nat Med, 2010. 16(4): p. 406. 
218. Sette, A., S. Buus, S. Colon, J.A. Smith, C. Miles and H.M. Grey, Structural 
characteristics of an antigen required for its interaction with Ia and recognition by T 
cells. Nature, 1987. 328(6129): p. 395. 
219. McAleer, J.P., B. Liu, Z. Li, S.M. Ngoi, J. Dai, M. Oft and A.T. Vella, Potent intestinal 
Th17 priming through peripheral lipopolysaccharide-based immunization. J Leukoc 
Biol, 2010. 88(1): p. 21. 
220. McIntosh, M., B.A. Stone and V.A. Stanisich, Curdlan and other bacterial (1-->3)-
beta-D-glucans. Appl Microbiol Biotechnol, 2005. 68(2): p. 163. 
221. Zygmunt, B.M., S.F. Weissmann and C.A. Guzman, NKT cell stimulation with alpha-
galactosylceramide results in a block of Th17 differentiation after intranasal 
immunization in mice. PLoS One, 2012. 7(1): p. e30382. 
222. Bramwell, V.W. and Y. Perrie, The rational design of vaccines. Drug Discov Today, 
2005. 10(22): p. 1527. 
223. Rappuoli, R. and F. Bagnoli, Vaccine Design: Innovative Approaches and Novel 
Strategies. 2011: Caister Academic Press. 
224. Kotloski, N.J., D.T. Nardelli, S.H. Peterson, J.R. Torrealba, T.F. Warner, S.M. 
Callister and R.F. Schell, Interleukin-23 is required for development of arthritis in mice 
vaccinated and challenged with Borrelia species. Clin Vaccine Immunol, 2008. 15(8): 
p. 1199. 
225. Unutmaz, D., P. Pileri and S. Abrignani, Antigen-independent activation of naive and 
memory resting T cells by a cytokine combination. J Exp Med, 1994. 180(3): p. 1159. 
226. Das, J., G. Ren, L. Zhang, A.I. Roberts, X. Zhao, A.L. Bothwell, L. Van Kaer, Y. Shi 
and G. Das, Transforming growth factor beta is dispensable for the molecular 
orchestration of Th17 cell differentiation. J Exp Med, 2009. 206(11): p. 2407. 
227. Cote-Sierra, J., G. Foucras, L. Guo, L. Chiodetti, H.A. Young, J. Hu-Li, J. Zhu and 
W.E. Paul, Interleukin 2 plays a central role in Th2 differentiation. Proc Natl Acad Sci 
U S A, 2004. 101(11): p. 3880. 
228. Gaffen, S.L. and K.D. Liu, Overview of interleukin-2 function, production and clinical 
applications. Cytokine, 2004. 28(3): p. 109. 
229. Siegemund, S., A. Hartl, H. von Buttlar, F. Dautel, R. Raue, M.A. Freudenberg, G. 
Fejer, M. Buttner, G. Kohler, C.J. Kirschning, T. Sparwasser and G. Alber, 
Conventional bone marrow-derived dendritic cells contribute to toll-like receptor-
independent production of alpha/beta interferon in response to inactivated 




230. Huber, J.P. and J.D. Farrar, Regulation of effector and memory T-cell functions by 
type I interferon. Immunology, 2011. 132(4): p. 466. 
231. Hopken, U.E., I. Lehmann, J. Droese, M. Lipp, T. Schuler and A. Rehm, The ratio 
between dendritic cells and T cells determines the outcome of their encounter: 
proliferation versus deletion. Eur J Immunol, 2005. 35(10): p. 2851. 
232. Bauquet, A.T., H. Jin, A.M. Paterson, M. Mitsdoerffer, I.C. Ho, A.H. Sharpe and V.K. 
Kuchroo, The costimulatory molecule ICOS regulates the expression of c-Maf and IL-
21 in the development of follicular T helper cells and TH-17 cells. Nat Immunol, 2009. 
10(2): p. 167. 
233. Degauque, N., C. Mariat, J. Kenny, D. Zhang, W. Gao, M.D. Vu, S. Alexopoulos, M. 
Oukka, D.T. Umetsu, R.H. DeKruyff, V. Kuchroo, X.X. Zheng and T.B. Strom, 
Immunostimulatory Tim-1-specific antibody deprograms Tregs and prevents 
transplant tolerance in mice. J Clin Invest, 2008. 118(2): p. 735. 
234. Piconese, S., G. Gri, C. Tripodo, S. Musio, A. Gorzanelli, B. Frossi, R. Pedotti, C.E. 
Pucillo and M.P. Colombo, Mast cells counteract regulatory T-cell suppression 
through interleukin-6 and OX40/OX40L axis toward Th17-cell differentiation. Blood, 
2009. 114(13): p. 2639. 
235. Xiao, S., N. Najafian, J. Reddy, M. Albin, C. Zhu, E. Jensen, J. Imitola, T. Korn, A.C. 
Anderson, Z. Zhang, C. Gutierrez, T. Moll, R.A. Sobel, D.T. Umetsu, H. Yagita, H. 
Akiba, T. Strom, M.H. Sayegh, R.H. DeKruyff, S.J. Khoury and V.K. Kuchroo, 
Differential engagement of Tim-1 during activation can positively or negatively 
costimulate T cell expansion and effector function. J Exp Med, 2007. 204(7): p. 1691. 
236. Zhang, Z., J.T. Rosenbaum, W. Zhong, C. Lim and D.J. Hinrichs, Costimulation of 
Th17 cells: Adding fuel or putting out the fire in the inflamed gut? Semin 
Immunopathol, 2010. 32(1): p. 55. 
237. Alegre, M.L., K.A. Frauwirth and C.B. Thompson, T-cell regulation by CD28 and 
CTLA-4. Nat Rev Immunol, 2001. 1(3): p. 220. 
238. Sharpe, A.H. and G.J. Freeman, The B7-CD28 superfamily. Nat Rev Immunol, 2002. 
2(2): p. 116. 
239. Babu, S., S.Q. Bhat, N.P. Kumar, S. Jayantasri, S. Rukmani, P. Kumaran, P.G. Gopi, 
C. Kolappan, V. Kumaraswami and T.B. Nutman, Human type 1 and 17 responses in 
latent tuberculosis are modulated by coincident filarial infection through cytotoxic T 
lymphocyte antigen-4 and programmed death-1. J Infect Dis, 2009. 200(2): p. 288. 
240. Takahashi, N., K. Matsumoto, H. Saito, T. Nanki, N. Miyasaka, T. Kobata, M. Azuma, 
S.K. Lee, S. Mizutani and T. Morio, Impaired CD4 and CD8 effector function and 
decreased memory T cell populations in ICOS-deficient patients. J Immunol, 2009. 
182(9): p. 5515. 
241. Pape, K.A., E.R. Kearney, A. Khoruts, A. Mondino, R. Merica, Z.M. Chen, E. Ingulli, J. 
White, J.G. Johnson and M.K. Jenkins, Use of adoptive transfer of T-cell-antigen-
receptor-transgenic T cell for the study of T-cell activation in vivo. Immunol Rev, 
1997. 156: p. 67. 
242. Santambrogio, L., A.K. Sato, F.R. Fischer, M.E. Dorf and L.J. Stern, Abundant empty 
class II MHC molecules on the surface of immature dendritic cells. Proc Natl Acad Sci 
U S A, 1999. 96(26): p. 15050. 
243. Janssen, E.M., M.H. Wauben, E.H. Jonker, G. Hofman, W. Van Eden, F.P. Nijkamp 
and A.J. Van Oosterhout, Opposite effects of immunotherapy with ovalbumin and the 
immunodominant T-cell epitope on airway eosinophilia and hyperresponsiveness in a 
murine model of allergic asthma. Am J Respir Cell Mol Biol, 1999. 21(1): p. 21. 
244. Kearney, E.R., K.A. Pape, D.Y. Loh and M.K. Jenkins, Visualization of peptide-
specific T cell immunity and peripheral tolerance induction in vivo. Immunity, 1994. 
1(4): p. 327. 
245. Tao, X., S. Constant, P. Jorritsma and K. Bottomly, Strength of TCR signal 
determines the costimulatory requirements for Th1 and Th2 CD4+ T cell 




246. Osterholm, M.T., N.S. Kelley, A. Sommer and E.A. Belongia, Efficacy and 
effectiveness of influenza vaccines: a systematic review and meta-analysis. Lancet 
Infect Dis, 2012. 12(1): p. 36. 
247. WHO, Seasonal Influenza. 2012. 
248. CDC, Prevention and Control of Influenza. Recommendations and Reports, 2002. 
51(RR03). 
249. Plotkin, A short history of vaccines, in Vaccines. 2004, Saunders: Philadelphia. 
250. Institut, R.K., Epidemiologisches Bulletin, in Epidemiologisches Bulletin 
2011, Robert Koch Institut 
 
251. Osterholm, M.T., Preparing for the next pandemic. N Engl J Med, 2005. 352(18): p. 
1839. 
252. PATH, Influenza vaccine strategies for broad global access. 2007, PATH: Seattle. 
253. Collin, N. and X. de Radigues, Vaccine production capacity for seasonal and 
pandemic (H1N1) 2009 influenza. Vaccine, 2009. 27(38): p. 5184. 
254. Agency, E.M. Authorisation Procedures.  2012  [cited; Available from: 
http://www.ema.europa.eu/ema/index.jsp?curl=pages/special_topics/q_and_a/q_and_
a_detail_000080.jsp&jsenabled=true. 
255. Khurana, S., C. Larkin, S. Verma, M.B. Joshi, J. Fontana, A.C. Steven, L.R. King, J. 
Manischewitz, W. McCormick, R.K. Gupta and H. Golding, Recombinant HA1 
produced in E. coli forms functional oligomers and generates strain-specific SRID 
potency antibodies for pandemic influenza vaccines. Vaccine, 2011. 29(34): p. 5657. 
256. Roman, F., T. Vaman, B. Gerlach, A. Markendorf, P. Gillard and J.M. Devaster, 
Immunogenicity and safety in adults of one dose of influenza A H1N1v 2009 vaccine 
formulated with and without AS03A-adjuvant: preliminary report of an observer-blind, 
randomised trial. Vaccine, 2009. 28(7): p. 1740. 
257. Dekker, C., L. Gordan and J. Klein, Dose optimization strategies for vaccines: The 
role of adjuvants and new technologies. 2008, US Department of Health and Human 
Services. 
258. Swain, S.L., R.W. Dutton and D.L. Woodland, T cell responses to influenza virus 
infection: effector and memory cells. Viral Immunol, 2004. 17(2): p. 197. 
259. Madhun, A.S., L.R. Haaheim, J.K. Nostbakken, T. Ebensen, J. Chichester, V. 
Yusibov, C.A. Guzman and R.J. Cox, Intranasal c-di-GMP-adjuvanted plant-derived 
H5 influenza vaccine induces multifunctional Th1 CD4+ cells and strong mucosal and 
systemic antibody responses in mice. Vaccine, 2011. 29(31): p. 4973. 
260. Strutt, T.M., K.K. McKinstry and S.L. Swain, Functionally diverse subsets in CD4 T 
cell responses against influenza. J Clin Immunol, 2009. 29(2): p. 145. 
261. Rosenkrands, I., C. Vingsbo-Lundberg, T.J. Bundgaard, T. Lindenstrom, V. Enouf, S. 
van der Werf, P. Andersen and E.M. Agger, Enhanced humoral and cell-mediated 
immune responses after immunization with trivalent influenza vaccine adjuvanted with 
cationic liposomes. Vaccine, 2011. 29(37): p. 6283. 
262. Bermejo-Martin, J.F., R. Ortiz de Lejarazu, T. Pumarola, J. Rello, R. Almansa, P. 
Ramirez, I. Martin-Loeches, D. Varillas, M.C. Gallegos, C. Seron, D. Micheloud, J.M. 
Gomez, A. Tenorio-Abreu, M.J. Ramos, M.L. Molina, S. Huidobro, E. Sanchez, M. 
Gordon, V. Fernandez, A. Del Castillo, M.A. Marcos, B. Villanueva, C.J. Lopez, M. 
Rodriguez-Dominguez, J.C. Galan, R. Canton, A. Lietor, S. Rojo, J.M. Eiros, C. 
Hinojosa, I. Gonzalez, N. Torner, D. Banner, A. Leon, P. Cuesta, T. Rowe and D.J. 
Kelvin, Th1 and Th17 hypercytokinemia as early host response signature in severe 
pandemic influenza. Crit Care, 2009. 13(6): p. R201. 
263. Crowe, C. and J. Koll, IL-17 receptor-deficient mice have increased resistence to 
otherwise lethal influenza infection. The Journal of Immunology, 2007. 178(96.14). 
264. Kambayashi, T., E. Assarsson, A.E. Lukacher, H.G. Ljunggren and P.E. Jensen, 
Memory CD8+ T cells provide an early source of IFN-gamma. J Immunol, 2003. 




265. Scharton, T.M. and P. Scott, Natural killer cells are a source of interferon gamma that 
drives differentiation of CD4+ T cell subsets and induces early resistance to 
Leishmania major in mice. J Exp Med, 1993. 178(2): p. 567. 
266. Thale, C. and A.F. Kiderlen, Sources of interferon-gamma (IFN-gamma) in early 
immune response to Listeria monocytogenes. Immunobiology, 2005. 210(9): p. 673. 
267. Hoffmann, M.W., K. Wonigeit, G. Steinhoff, H. Herzbeck, H.D. Flad and R. Pichlmayr, 
Production of cytokines (TNF-alpha, IL-1-beta) and endothelial cell activation in 
human liver allograft rejection. Transplantation, 1993. 55(2): p. 329. 
268. Jason, J., L.K. Archibald, O.C. Nwanyanwu, M.G. Byrd, P.N. Kazembe, H. Dobbie 
and W.R. Jarvis, Comparison of serum and cell-specific cytokines in humans. Clin 
Diagn Lab Immunol, 2001. 8(6): p. 1097. 
269. Stow, J.L., P.C. Low, C. Offenhauser and D. Sangermani, Cytokine secretion in 
macrophages and other cells: pathways and mediators. Immunobiology, 2009. 
214(7): p. 601. 
270. Mauad, T., L.A. Hajjar, G.D. Callegari, L.F. da Silva, D. Schout, F.R. Galas, V.A. 
Alves, D.M. Malheiros, J.O. Auler, Jr., A.F. Ferreira, M.R. Borsato, S.M. Bezerra, P.S. 
Gutierrez, E.T. Caldini, C.A. Pasqualucci, M. Dolhnikoff and P.H. Saldiva, Lung 
pathology in fatal novel human influenza A (H1N1) infection. Am J Respir Crit Care 
Med. 181(1): p. 72. 
271. Crome, S.Q., B. Clive, A.Y. Wang, C.Y. Kang, V. Chow, J. Yu, A. Lai, A. Ghahary, R. 
Broady and M.K. Levings, Inflammatory effects of ex vivo human Th17 cells are 
suppressed by regulatory T cells. J Immunol, 2010. 185(6): p. 3199. 
272. Eisenstein, E.M. and C.B. Williams, The T(reg)/Th17 cell balance: a new paradigm for 
autoimmunity. Pediatr Res, 2009. 65(5 Pt 2): p. 26R. 
273. Nistala, K. and L.R. Wedderburn, Th17 and regulatory T cells: rebalancing pro- and 
anti-inflammatory forces in autoimmune arthritis. Rheumatology (Oxford), 2009. 
48(6): p. 602. 
274. Rubtsov, Y.P., J.P. Rasmussen, E.Y. Chi, J. Fontenot, L. Castelli, X. Ye, P. Treuting, 
L. Siewe, A. Roers, W.R. Henderson, Jr., W. Muller and A.Y. Rudensky, Regulatory T 
cell-derived interleukin-10 limits inflammation at environmental interfaces. Immunity, 
2008. 28(4): p. 546. 
275. Forbes, E.K., C. Sander, E.O. Ronan, H. McShane, A.V. Hill, P.C. Beverley and E.Z. 
Tchilian, Multifunctional, high-level cytokine-producing Th1 cells in the lung, but not 
spleen, correlate with protection against Mycobacterium tuberculosis aerosol 
challenge in mice. J Immunol, 2008. 181(7): p. 4955. 
276. Seder, R.A., P.A. Darrah and M. Roederer, T-cell quality in memory and protection: 
implications for vaccine design. Nat Rev Immunol, 2008. 8(4): p. 247. 
277. de Vries, J.J., L. Bungener, W. Ter Veer, L. van Alphen, P. van der Ley, J. Wilschut 
and A. Huckriede, Incorporation of LpxL1, a detoxified lipopolysaccharide adjuvant, in 
influenza H5N1 virosomes increases vaccine immunogenicity. Vaccine, 2009. 27(6): 
p. 947. 
278. Pedersen, G., D. Major, S. Roseby, J. Wood, A.S. Madhun and R.J. Cox, Matrix-M 
adjuvanted virosomal H5N1 vaccine confers protection against lethal viral challenge 
in a murine model. Influenza Other Respi Viruses, 2011. 5(6): p. 426. 
279. CDC, Centre for disease control; nasal-spray flu vaccine. 2012. 
280. Mutsch, M., W. Zhou, P. Rhodes, M. Bopp, R.T. Chen, T. Linder, C. Spyr and R. 
Steffen, Use of the inactivated intranasal influenza vaccine and the risk of Bell's palsy 
in Switzerland. N Engl J Med, 2004. 350(9): p. 896. 
281. Couch, R.B., Nasal vaccination, Escherichia coli enterotoxin, and Bell's palsy. N Engl 
J Med, 2004. 350(9): p. 860. 
282. Mars, L.T., L. Araujo, P. Kerschen, S. Diem, E. Bourgeois, L.P. Van, N. Carrie, M. Dy, 
R.S. Liblau and A. Herbelin, Invariant NKT cells inhibit development of the Th17 
lineage. Proc Natl Acad Sci U S A, 2009. 106(15): p. 6238. 
283. Coquet, J.M., S. Chakravarti, K. Kyparissoudis, F.W. McNab, L.A. Pitt, B.S. 




NKT cell subsets and identification of an IL-17-producing CD4-NK1.1- NKT cell 
population. Proc Natl Acad Sci U S A, 2008. 105(32): p. 11287. 
284. Rachitskaya, A.V., A.M. Hansen, R. Horai, Z. Li, R. Villasmil, D. Luger, R.B. 
Nussenblatt and R.R. Caspi, Cutting edge: NKT cells constitutively express IL-23 
receptor and RORgammat and rapidly produce IL-17 upon receptor ligation in an IL-
6-independent fashion. J Immunol, 2008. 180(8): p. 5167. 
285. Lin, Y., S. Ritchea, A. Logar, S. Slight, M. Messmer, J. Rangel-Moreno, L. Guglani, 
J.F. Alcorn, H. Strawbridge, S.M. Park, R. Onishi, N. Nyugen, M.J. Walter, D. 
Pociask, T.D. Randall, S.L. Gaffen, Y. Iwakura, J.K. Kolls and S.A. Khader, 
Interleukin-17 is required for T helper 1 cell immunity and host resistance to the 
intracellular pathogen Francisella tularensis. Immunity, 2009. 31(5): p. 799. 
 
 
 
